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About the book .. . 


This book is perhaps unique in be- 
ing a complete text on antennas. It 
employs both mathematical and 
physical principles, although knowl- 
edge of advanced mathematics and 
physics is not required. Both an- 
tenna theory and practice are covered 
from the lowest frequency ranges 
through to the microwave. The latest 
developments such as the log-peri- 
odic broad-bandwidth antennas and 
low-noise space-communication an- 
tennas are discussed. 

The author assumes the student 
has a knowledge of algebra, trig- 
onometry, geometry and basic radio 
and electrical theory. Upon this 
background, the author builds his 
material in a manner and at a level 
appropriate to the electronics tech- 
nology student. Having completed 
this text, the student will be well 
prepared to understand future de- 
velopments in this rapidly advanc- 
ing area. 
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To My Mother and Father 


Preface 


Some excellent books on advanced antenna theory and practice, 
which require a fairly high level of mathematical sophistication on 
the part of the reader, have been written for the graduate or advanced 
undergraduate engineer. Such books serve an essential purpose, 
but there is also a need for a book on antennas on the professional 
level, yet comprehensible to the technician and to the engineer who 
is not a specialist in the field of antennas. I have attempted to meet 
that need in this book. 

I have assumed that the reader has a basic knowledge of elec- 
tronics, radio, and a-c circuit theory and also some background in 
engineering mathematics. Ata very few points elementary calculus 
has been used, but in such a way that the essential information will 
be conveyed to readers who have not studied it. A knowledge of 
algebra, geometry, and trigonometry will suffice. Complex-variable 
algebra has been applied when appropriate, and a brief review of the 
basics of that subject is provided in an appendix. 

The first chapter reviews the radio-wave aspects of electromagnetic 
theory at the level and in the degree of detail required as a basis for 
the subsequent chapters. It will serve as a review and as a reference 
source for those who have already studied the subject. The second 
chapter serves the same need with respect to transmission lines, of 
which a basic knowledge is required in the study of antennas. Both 
chapters, although not advanced in their treatment, are quite con- 
densed, and a reader who has had no previous experience in these 
subjects may find it advisable to consult an elementary textbook 
that treats them in a more tutorial fashion. 

The remaining six chapters cover specific topics in antenna theory 
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and practice, in a development suitable for teaching at the technical 
institute level, for introductory-level engineering courses, or for 
independent study. Where information from other chapters is 
needed for understanding the topic under discussion reference has 
been made to relevant section numbers. References to books and 
papers containing more detailed information are provided in foot- 
notes. A brief bibliography of books suitable for further study is 
given at the end of the book. Problems and exercises designed to 
assist in the acquisition of a working knowledge of the chapter 
subject appear at the end of each chapter. 

Stimulated by the demands of expanding radio applications, such 
as television, radar, radio astronomy, Space communication, and 
weapon guidance, the science and technology of antennas have 
progressed rapidly in the last few decades. The categories of 
antenna types now cover a vast span, ranging from the simple wires, 
towers, and loops of the low frequencies to the horns, slots, and 
lenses of the microwave region. Recent developments include new 
forms of reflectors, lenses, arrays, frequency-independent antennas, 
and surface-wave antennas. In the face of such wide-ranging 
progress, I have attempted to be as up-to-date and comprehensive 
as possible within the limitations of space. But the emphasis of 
the book is on the basic antenna concepts and principles that are 
essential to an understanding of whatever new antenna developments 
may be introduced in the future. 

I gratefully acknowledge helpful discussions with many of my 
co-workers at the Naval Research Laboratory. The writing of the 
book has been a private undertaking, however, and I assume sole 
responsibility for the validity of the contents. 


LAMONT V. BLAKE 
Alexandria, Virginia 
April 1966 
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Electromagnetic waves 


This book begins with an elementary discussion of electromagnetic 
wave theory, which is basic to an understanding of antennas. 
Readers who are quite familiar with the principles of electromagnetic 
waves may prefer to begin with the second (or third) chapter, but 
even they should find this introductory chapter a review of the sub- 
ject and a useful reference source. 

Electromagnetic waves in space are the basis of radio transmission 
over great distances without direct wire connection between the 
sending* and receiving points. At the transmitting and receiving 
stations radio signals exist in the form of high (radio) frequency 
alternating currents in conductors and in such amplifying devices 
as electron tubes and transistors. Between the transmitter and 
receiver they exist as electromagnetic waves in space. Antennas, 
the subject of this book, are the devices that act as go-betweens. 

At the transmitting station the antenna is energized by the elec- 
trical currents generated in the transmitter, and it converts the energy 
into the form of an electromagnetic field. It ‘“‘launches”’ the waves 
into space. At the receiving station the antenna captures energy 
from the arriving field, and by a reversal of the transmitting antenna 
process it converts the field variations into current and voltage 
replicas of those at the transmitter (though of much smaller ampli- 
tude). 


* As is modern usage, the word transmitting will henceforth be used in the 
sense of “sending,” although originally transmission referred to the entire 
process of sending, propagation, and reception of radio waves. 
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Current and voltage in conductors are always accompanied by 
electric and magnetic fields in the adjoining region of space, and in 
a sense it is incorrect to speak of “converting” electrical energy from 
the form of current and voltage into the form of an electromagnetic 
field, and vice versa. In a practical sense, however, the distinction 
is made. In the one case the fields are bound to the conductors in 
which the current flows; in the other they are “‘free.”’ 

The picture of electromagnetic waves presented here is consider- 
ably simplified and necessarily leaves unanswered some questions 
that may be disturbing to the reader with an inquiring mind. Often 
these questions can be answered, but only through the use of rather 
sophisticated mathematical and physical concepts, based on James 
Maxwell’s equations, which he published in 1873. Bear in mind 
that most of the ideas and principles to be discussed have this back- 
ground, even though it will not be necessary to look very deeply into 
it for the purposes of this book. 


1-1. Characteristics of Electromagnetic Waves 


A wave is an oscillatory motion of any kind, the most familiar 
being waves on the surface of water. Sound waves, another com- 
mon example, are vibrations of the air or of various material sub- 
stances. Both wave types involve mechanical motion. Electro- 
magnetic waves are electric and magnetic field variations that can 
occur in empty space as well as in materia] substances. 

All waves are characterized by the property called propagation. 
The vibrations at a particular point in space excite similar vibrations 
at neighboring points, and thus the wave travels or propagates itself. 
This concept is given more specific form as Huygens’ principle, to be 
discussed later in this chapter. The particular substance or space in 
which a wave exists is the propagation medium. 


Wave Velocity. Waves travel at characteristic speeds, depending on 
the type of wave and the nature of the propagation medium. For 
example, sound travels about 1100 feet per second in the normal 
atmosphere, but in water the speed is in the neighborhood of 5000 
feet per second. In both media the figure varies with the tempera- 
ture and other factors. 
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Electromagnetic waves travel much faster—in free space* at 
approximately 186,000 statute miles per second. In other propa- 
gation media their speed may be less, but ordinarily it is very high 
compared with the speeds of things observable without special 
instruments. In the gases of the earth’s normal atmosphere, in fact, 
the speed is only slightly less than in empty space (vacuum), and for 
practical purposes the difference is negligible except over very long 
paths. Even then it is ordinarily permissible to use the free-space 
velocity figure for calculating how long it will take a radio wave to 
travel from one point to another in the atmosphere. 

An important exception to this statement occurs when waves at 
certain radio frequencies travel in the ionosphere, a layer of charged 
particles (ions) lying above the earth between the heights of about 
40 and 200 miles. At very low radio frequencies radio waves cannot 
penetrate the ionosphere; they are reflected from it. At very high 
frequencies waves pass through the ionosphere unimpeded at the 
same speed they would have in empty space. But in a critical inter- 
mediate frequency region, depending on ionospheric conditions 
(which vary considerably from day to night and with the season and 
other factors), the wave velocity in the ionosphere may be different 
than it is in vacuum. 

The speed of electromagnetic propagation in a vacuum is of funda- 
mental importance. This value, commonly called the “speed of 
light” in vacuum, is designated by the symbol c. (Light waves are 
actually electromagnetic waves of very high frequency.) The value 
of c is 186,283 statute miles per second, or 299,793 kilometers per 
second, rounded off for most purposes to 186,000 miles per second 
or 3 x 10® meters per second. 


Frequency and Wavelength. The oscillations of waves are periodic, or 
repetitious. They are characterized by a frequency, the rate at which 
the periodic motion repeats itself, as observed at a particular point 
in the propagation medium. Complex waves may contain more 
than one frequency. The frequency is expressed in cycles per 
second, a cycle being one full period of the wave. A single-frequency 
wave motion has the form of a sinusoid. 


* Free space is a term much used in discussion of electromagnetic waves. It 
implies not only empty space (a vacuum) but also remoteness from any material 
substances from which waves may be reflected. 
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The wavelength of an electromagnetic wave is the spatial separation 
of two successive “oscillations,” which is equal to the distance that 
the wave travels during one sinusoidal cycle of oscillation. There- 
fore, if the wave velocity is v meters per second and the frequency is 
f cycles per second, the wavelength in meters is 

A (1-1) 
As has been noted, v may have different values in different propa- 
gation media. When the value in free space (vacuum), c, is used in 
Eq. 1-1, the resulting value of A is the free-space wavelength, some- 
times denoted by op. 

Radio waves, the particular form of electromagnetic waves with 
which antennas are concerned, are defined as those that lie in a cer- 
tain range of frequency, although the exact limits are difficult to 
define. It is of interest to look at the frequencies associated with the 
various categories of electromagnetic waves. Because the radio 
spectrum is of primary interest here, it is subdivided in the table into 


Type of Electromagnetic Wave Frequency Range Free-Space- 
Wavelength Range 

Extremely low frequency (ELF) <3kc >10°m 
Very low frequency radio (VLF) (3-30 kc) 10*-10° m 
Low frequency (LF) (30-300 kc) 10°-104 m 
Medium frequency (MF) (300 ke-3 Mc) 107-10? m 
High frequency (HF) (3-30 Mc) 10-100 m 
Very high frequency (VHF) (30-300 Mc) 1-10 m 
Ultrahigh frequency (UHF) (300 Mc-3 Gc) 10 cm-1 m 
Superhigh frequency (SHF) (3-30 Gc) 1-10 cm 
Extremely high frequency 

(EHF) (30-300 Gc) 0.1-1 cm 
Infrared waves 8 x 10'-4 x 101* cps 0.04 cm-8000 A 
Visible light 4 x 10'*-7.5 x 104 cps 4000-8000 A 
Ultraviolet light 7.5 x 1014-1016 cps 120-4000 A 
X-rays, gamma (y) rays 10*®-10?° cps 0.06-120 A 


Cosmic-ray radiation > 102° cps <0.06 A 
SO EEE 


Key to abbreviations. cps—cycles per second; kc—kilocycles per second (cps x 10°); 
Mc—megacycles per second (cps x 108): Gc—gigacycles per second (cps x 10°); 
m—meters ; cm—centimeters; A—angstrom unit (10~-® cm). 

Note: In Europe the designation hertz (abbreviation, Hz) has been substituted for 
cycles per second, and it has been adopted by some groups in the United States. 
Other units affected are MHz—megahertz; kHz—kilohertz; GHz—gigahertz. 
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several “‘bands”’ in accordance with accepted practice. The fre- 
quencies and wavelengths are shown in customary radio units. 

This table shows that the total range of variation in the radio 
spectrum is at least a factor of 10® (100 million). The charac- 
teristics of antennas used over so great a frequency range vary 
greatly. In particular, characteristic dimensions vary approximately 
in proportion to wavelength. However, the really basic principles 
of antennas are the same at all frequencies. 


Space-Time Relationships. An electromagnetic wave has two com- 
ponents, an electric field and a magnetic field. Each component 
varies sinusoidally in time at a fixed point of space, with time 
period T = 1/f seconds, where f is the frequency in cycles per 
second. Also at a fixed instant of time there is a sinusoidal varia- 
tion in space along the direction of propagation, with spatial 
period (wavelength) A = v/f meters, where v is the velocity of 
propagation in meters per second (Eq. 1-1). In terms of a cartesian 
coordinate system (rectangular coordinates x, y, z), if the electric 
field E of the wave is represented by vectors parallel to the x-axis 
and the wave is propagating in free space in a direction parallel to 
the z-axis, the magnetic field H will be represented by vectors paral- 
lel to the y-axis, as shown in Fig. 1-1. These space-time relation- 
ships for a plane wave are expressed by the following equations: 


BG iSiain (2nft a Be + s) (1-2) 


H,(z, t) = Ho sin (2nft ~ ae =e 4) 


(1-3) 
The notation E,(z, ¢) indicates that E,,. is a vector parallel to the x-axis 
and has a magnitude that depends on the values of the variables z and 
t. The parameter E, is the maximum value, called the amplitude 
of the wave, that E,(z, ¢) attains when |sin (27ft — 2mz/A + ¢)| = 1, 
which in turn will occur periodically at time intervals of T = 1/2f 
at a fixed point and at z-intervals of A/2 (half-cycle and half-wave- 
length intervals). The parameter ¢ is the initial phase angle of the 
wave; that is, at ¢ = 0 and z = 0, E,(z, t) has the value E, sin ¢. 
Similar statements apply to H,(z, t). Figure 1-1 portrays these 
relationships schematically. 
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As shown, both the electric and magnetic components of the wave 
are “in phase”’ in space, that is, their maxima and minima occur for 
the same values of z. They are also in phase in time, at a fixed value 
of z. However, they are both directed at right angles to each other 
and to the direction of propagation, a relationship that they always 
bear to each other in free-space propagation. The designation 
plane wave means that the pattern shown, although described as 
existing only along the z-axis, actually exists everywhere in space, the 
wave vectors at any point (x, y, z) being exactly like those at the 


Figure 1-1. Spatial relationships of a plane electromagnetic wave in free 
space. 


point (0, 0, z). Ata fixed value of z there is no variation of the field 
in the x- and y-directions, that is, in an xy-plane at the point z; 
hence the name plane wave. (Not all electromagnetic waves are 
plane. A plane wave is an idealization never perfectly realized, but 
in practice waves may often be considered plane, with small error 
and with great simplification of mathematical description.) 

The motion of the wave may be visualized by imagining that the 
entire set of field vectors, not only those shown but also those at all 
other values of x and y, is moving in unison in the positive z-direction 
at velocity c = 3 x 10° meters per second. An observer at a fixed 
point would see a sinusoidal time variation of both E and H. On 
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the other hand, if he could somehow (magically) “freeze” the motion 
and take measurements of E and H along the z-axis, he would 
observe the pattern in Fig. 1-1. 


Polarization. The plane wave shown in Fig. 1-1 is linearly polarized: 
that is, the electric vector has a particular direction in space for all 
values of z, in this case the x-axis direction. The wave is therefore 
said to be polarized in the x-direction. In actual space above the 
earth, if the electric vector is vertical or lies in a vertical plane, the 
wave is said to be vertically polarized; if the E-vector lies in a hori- 
zontal plane, the wave is said to be horizontally polarized. (It is 
conventional to describe polarization in terms of the E-vector.) 

The initial polarization of a radio wave is determined by the 
antenna that launches the waves into space. The polarization 
desired, therefore, is one of the factors entering into antenna design. 
In some applications a particular polarization is preferable; in others 
it makes little or no difference. 

Electromagnetic waves are not always linearly polarized. In 
circular polarization the electric vector of a wave is rotating about the 
z-axis (direction of propagation) so that the wave advances with a 
screw motion, making one full rotation for each wavelength it 
advances. In further analogy with a screw thread the rotation may 
be clockwise or counterclockwise, corresponding to right-hand- 
circular and left-hand-circular polarizations. A circularly polarized 
wave results when two linearly polarized waves are combined—that 
is, if they are simultaneously launched in the same direction from the 
Same antenna—provided that the two linear polarizations are at 
right angles to each other and their phase angles (the angle ¢ in 
Eqs. 1-2 and 1-3) differ by 90 degrees or 7/2 radians. The right- 
hand or left-hand rotation depends on whether the phase difference 
is plus or minus. For truly circular polarization it is necessary also 
that the two linearly polarized components be of equal ampli- 
tude. If they are of different amplitudes, elliptical polarization 
results. 

The polarization is random when there is no fixed polarization or 
pattern of polarization-variation that is repetitive along the z-axis, 
an effect present in light waves emitted from an incandescent source 
(e.g., the sun or an electric light bulb). It is seldom observed in man- 
made radio emissions, but these waves would result if two indepen- 
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dently random sources of radio noise (used in radio and radar mili- 
tary countermeasures, or “jamming”’) are connected to right-angle- 
polarized elements of a single antenna. 

Linear polarization is the most commonly employed by far. 
Circular polarization is employed fairly often at the very high fre- 
quencies. 


Rays and Wavefronts. Because the detailed structure of an electro- 
magnetic wave is invisible, its nature can be determined only by 
indirect methods. Diagrams such as Fig. 1-1 are not truly pictorial; 
they are purely schematic, man-conceived schemes of representing 
certain aspects of the waves, namely, the magnitude variations of the 
FE and H components. Another such scheme utilizes the concept of 
rays and wavefronts as an aid in illustrating the effect of variations in 
the propagation medium (including discontinuities) on the propa- 
gation of the waves. 

A ray is a line drawn along the direction of propagation of a wave. 
The z-axis in Fig. 1-1 is an example of a ray. Any line drawn paral- 
lel to the z-axis in this diagram is also a ray, since the wave is plane 
and has the same direction everywhere. Therefore, if the wave is 
plane, there is no point in drawing more than one ray, for they are 
all alike. 

A wavefront is a surface of constant phase of the wave. As men- 
tioned in connection with Fig. 1-1, such surfaces are planes perpen- 
dicular to the direction of propagation when the wave is plane. As 
also mentioned, not all waves are plane. In fact, in the vicinity of 
the source from which waves are emanating (an antenna, for 
example), rather complicated wavefronts may exist. Of particular 
importance, and only slightly more complicated than a plane wave, is 
the spherical wave. Any “point” source of waves in free space will 
generate a spherical wave, as is readily deduced from the fact that if 
a certain part of the wave travels outward from a point, at the same 
speed in all directions, it will, after traveling a distance R, define the 
surface of a sphere of radius R, with its center at the point of origin 
of the waves. 

In free space, at a sufficient distance from a source of electro- 
magnetic waves for the size of the source to be very small compared 
to the distance, the wavefronts will be spherical, that is, the source 
may be considered equivalent to a point source. The system of 
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rays and wavefronts generated by a point source is shown in Fig. 


1-2. 


It is apparent that the wavefronts here are spherical (appearing as 


Wavefront D——_» 


Wavefront C —> 


Wavefront B—> 


Rz 
Wavefront A—> 


Ro 
Ry 
Cubic region 
of space 
1 (d << Rp) 


anal Carew Ee 
th 
Source ~—> Rays Hi Al 
Circular arc 
| tangent to 
/ cube face 


Figure 1-2. Point-source wavefronts and rays in free space. 


circles in this two-dimensional drawing) and that all the rays are 
diverging from the common center or source. But if a small portion 
of a spherical wave, at a great distance from its source, is considered, 
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this small portion will be approximately plane. For example, con- 
sider a cubic region of space, shown dotted in Fig. 1-2 near the mid- 
portion of the arc denoted wavefront D. This is a spherical wave- 
front. Within the dotted region, however, the small portion of the 
wavefront can hardly be distinguished from the plane surface of the 
cube to which it is tangent. Moreover, all the ray lines inside this 
cube are approximately parallel. 

If the wavefront is one mile from the source, for example, and if 
the cube edge-dimension is 100 feet, the wavefront will deviate from 
perfect planeness (coincidence with the cube face) by only about 3 
inches. For most practical purposes the wavefront in this 100-foot 
region may be regarded as plane. At a distance of 10 miles, the 
deviation in 100 feet would be only 0.3 inch. 


Spherical Waves and the Inverse-Square Law. One of the funda- 
mental laws of physics is the Law of Conservation of Energy. An 
electromagnetic wave represents a flow of energy in the direction of 
propagation. The rate at which energy flows through a unit area of 
surface in space (energy per unit time per unit of area) is called the 
power density of the wave, usually expressed in watts per square 
meter. The principle of energy conservation can be applied to a 
uniform spherical wave in the following terms, with reference to 
Fig. 1-2. If the source radiates power at a constant rate uniformly 
in all directions, the total power flowing through any spherical sur- 
face centered at the source will be uniformly distributed over the 
surface and must equal the total power radiated. Such a source is 
called an isotropic radiator, or isotrope. 

In Fig. 1-2 wavefront B, for example, constitutes a spherical sur- 
face. Although only a portion of it is shown, the complete sphere 
may be visualized as surrounding the source. If wavefront B is at 
a distance R, meters from the source, the total surface area of this 
sphere is, from elementary geometry, 47R,? square meters. If the 
source is radiating a total power P, watts, since this total power is by 
hypothesis distributed uniformly over the spherical surface at distance 
R,z, the power density A; must be 


ems 
a= inRS watts per square meter (1-4) 
[P will denote total power (watts), and script F will denote the power 
density of the wave (watts per square meter). ] 
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By similar reasoning the power density at the greater distance of 
wavefront C will be 


P, 
Pa TnRe watts per square meter (1-5) 


This value is obviously smaller than the power density at wavefront 
B, since Ro is greater than R,. Thus the power density decreases as 
the distance from the source increases. 

What is the law of this decrease? It may be found by dividing 
Eq. 1-4 by Eq. 1-5 


which shows that the power density is inversely proportional to the 
square of the distance from the source. This is the celebrated 
inverse-square law of radiation, observed experimentally for all forms 
of electromagnetic waves in free space or in limited regions whose 
characteristics approximate the uniformity of free space. 

In deriving this result it has been assumed that the source radiates 
isotropically—uniformly in all directions. This was assumed be- 
cause it simplifies the reasoning, but actually it is not a necessary 
assumption. The same result is obtained if the source radiates non- 
uniformly, that is, if it radiates power preferentially in certain direc- 
tions, aS occurs in practice with directional antennas. It is always 
necessary, however, to assume that the velocity of electromagnetic 
propagation is the same in all outward directions from the source, 
which is certainly true in free space. (This assumption is necessary 
in order that the wavefronts may be spherical, i.e., that the distance 
to the wavefront from the source at any instant may be equal 
in all directions, corresponding to the geometrical definition of a 
sphere.) 

A propagation medium that satisfies this assumption is called 
isotropic, meaning that the propagation velocity is the same regard- 
less of the direction of propagation. The inverse-square law, there- 
fore, is the result both of the spherical spreading of the wavefronts in 
an isotropic propagation medium and of the law of conservation of 
energy. This very important result has many applications in antenna 
theory, as well as in wave-propagation theory. 
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Field Intensity and Power Density. The power density of the field is 
related to the values of the electric and magnetic intensities in the 
same way that power in an electric circuit is related to voltage and 
current; it is the product of the two. (This assumes the free-space 
relationship of the field vectors depicted in Fig. 1-1.) The product of 
the instantaneous values gives the instantaneous power, but this 
quantity is usually of little interest. The average power density over 
an rf cycle is ordinarily desired, and, just as in computing a-c power 
in circuits, it is obtained by multiplying the effective values of E and 


H, equal to 1/2 times the amplitudes, or 0.707E, and 0.707A). 
Hence 


P = (0.107E>) x (0.707Ho) = 0.5EoH, Gar 


where Ey and AH are the amplitudes as in Eqs. 1-2 and 1-3. £, is 
expressed in volts per meter, H) in ampere-turns per meter to give 
F in watts per square meter. 

Just as voltage and current in circuits are related through the 
resistance by Ohm’s law, the electric and magnetic intensities are 
related by the characteristic wave impedance of space. Ina lossless 
propagation medium this impedance is equal to the square root of 
the ratio of its magnetic permeability p to its electric permittivity «: 


Le V p/e ohms (1-8) 


In a vacuum yp has the value 1.26 x 10~° henrys per meter, and ¢ is 
8.85 x 10°** farad per meter. (These values are customarily 
denoted py and «9.) Consequently Z, is about 377 ohms (actually 
1207 ohms) in free space, a value also applicable in air. Hence in 
these media 

FE? 

P= 77 377H? watts per square meter (1-9) 
where E and H are the effective (rms) values, equal to 0.707E, and 
0.707H , in volts per meter and ampere-turns per meter, respec- 
tively. This also means that 


E 
= 355 ampere-turns per meter (1-10) 


for any wave propagating in free space or air; that is, E and H are 
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related through this expression, and specifying one of them is equiva- 
lent to specifying both. Ordinarily, therefore, only the electric 
intensity 1s specified. 

If Eq. 1-9 is applied to the inverse-square law, the result is 


= = 2 (1-11) 


which states that the electric intensity is inversely proportional to the 
first power of the distance from the source (subject to the same stipu- 
lations that apply to the inverse-square law in its original form). 
Equations 1-6 and 1-11 are different ways of showing how the 
electromagnetic wave is attenuated with increasing distance from the 
source. Equation 1-6 expresses the attenuation in terms of the 
power-density ratio, Eq. 1-11 in terms of the electric-intensity ratio. 


Decibel (Logarithmic) Expression of Attenuation. Wave attenuation 
is expressed also in terms of the logarithms of the power-density or 
electric-intensity ratios, an alternative method widely used in des- 
cribing signal amplification or attenuation in telephone and radio 
systems. The decibel attenuation is simply ten times the common 
(base 10) logarithm of the power-density ratio or twenty times the 
logarithm of the electric-intensity ratio. It may be readily verified 
that these definitions lead to the same decibel values for a given 
distance ratio R,/R, when applied to Eqs. 1-6 and 1-11. 


Example. Suppose that the field strengths are to be compared at 
two distances from a source, R,; and Ry, such that R, = 2R,. How 
much is the field strength reduced if the distance from the source is 
doubled? From Eqs. 1-6 and 1-11 the question is answered as 


follows: 

Priles (@) 2 (==) =e 
and 

iE pay! Ro of 


In terms of decibels the attenuation is 


10 log 3 = 10 log 4 = 10 (0.60206) = 6 db 
D, 
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or 


20 log 2 — 20 log 2 = 20 (0.30103) = 6 db 
2, 


Thus the same result is obtained for the attenuation in decibels from 
either the power-density or the electric-intensity ratio. 

In some scientific and engineering literature attenuation may be 
expressed in terms of the natural logarithm (base e = 2.71828) of the 
electric-intensity ratio, called the neper. Attenuation in nepers is 
related to attenuation in decibels: 


A SOMSiAy (1-12) 


Attenuation due to the spherical spreading of the wave—that is, 
as expressed by the inverse-square law—is sometimes called the space 
attenuation of the wave. As can be shown from Eq. 1-6 or 1-11 by 
applying the definition of the decibel, the space attenuation in deci- 
bels is twenty times the logarithm of the distance ratio. As already 
shown, if the distance is doubled, the wave is attenuated by 6 db 
(20 log 2); if it is tripled, the attenuation is 20 log 3, or 9.5 db; if the 
distance is increased by a factor of 10, the attenuation is 20 db; and 
sO on. 

Since it is the distance ratio rather than the actual distance change 
that determines the space attenuation, a given distance change has a 
greater effect at points close to a source than it has far from the 
source. For example, two points differing by one mile in distance 
from the source will show a 6-db power-density ratio if they are one 
mile and two miles from the source, respectively; but if they are 100 
miles and 101 miles from the source, the attenuation is only 0.08 db, 
a negligible amount. This fact further supports the validity of 
regarding a spherical wave within a limited region of space at a 
considerable distance from the source, virtually as a plane wave; for 
it is a property of a plane wave that the power density and electric 
intensity do not change as the wave progresses. 

In some antenna considerations the ratios of field intensities at 
different points in the vicinity of the antenna are of importance, and 
because the antenna is the source of the fields the distance ratio may 
be fairly large for relatively small separation of the points in question. 
Therefore the space-attenuation factor is quite important in many 
antenna problems. 
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Absorption. In addition to space attenuation, which is always 
present (even though it may be ignored over short distances far from 
the source of the waves), there may sometimes be attenuation due to 
absorption of power by the propagation medium. This does not 
occur in a vacuum, but it will occur in a medium that contains 
material particles that interact with the waves. At some frequencies, 
for example, certain gases of the earth’s atmosphere (oxygen and 
water vapor) cause absorption. This occurs slightly in the VHF 
region and becomes significant over long transmission paths in the 
UHF region and above. Unlike space attenuation, attenuation due 
to absorption does not depend on the distance from the source but 
only on the total distance traveled by the wave. That is to say, 
attenuation due to absorption is the same over a one-mile path 
whether the path is one mile or a hundred miles from the source of 
the waves. 

Absorption in the atmosphere is significant only over appreciable 
distances, measured in miles, and so it is not a factor in antenna 
design, except in the very indirect sense that it may dictate what 
frequency or frequencies are chosen for a particular application. 
The earth’s ionosphere also absorbs waves at some frequencies; this 
absorption may be significant in the high HF and low VHF regions. 
At frequencies above the low UHF the ionosphere is completely 
transparent to radio waves ordinarily, and below the HF region it 
acts like a reflecting barrier; that is, low-frequency waves do not 
penetrate the ionosphere appreciably. 

Certain materials are capable of absorbing radio waves very 
strongly. Waves traveling in these materials will be attenuated 
greatly within a short distance, of the order of centimeters or meters. 
Sometimes such materials are used in antenna design to suppress 
radiation in undesired directions, or to prevent “‘leakage’’ of waves 
from one part of an antenna to another where they would have an 
undesirable effect. Such materials play a role in electromagnetic 
wave propagation similar to that played by resistors in ordinary 
electric circuits. 

An absorbing material or medium is characterized by a logarith- 
mic absorption coefficient, often denoted by the Greek letter y 
(gamma), which represents the attenuation, in decibel form, that 
occurs when the wave travels a unit distance in the medium. Ina 
homogeneous medium—one that has the same properties through- 
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out—the quantity y is a constant; that is, it does not vary from point 
to point, as it would in an inhomogeneous medium. In a homo- 
geneous absorbing medium, if R, and R, are two distances from the 
source of electromagnetic waves, the total absorptive attenuation of 
the waves in traveling from R,; to Rz is y(Rz — R,) db. This implies 
that the law of absorptive power loss, instead of being square-law, is 
Pp oes 0.17(Ry -R 
R, = | dea asta (1-13) 
(Compare with Eq. 1-6.) The factor 0.1 in the exponent is there 
because decibels are ten times the logarithm of the power ratio. 
The total decibel attenuation Ag, over this path is the sum of the 
space attenuation and the absorption attenuation, which is 


ye |20 oe (2) ag ae Ri)| db (1-14) 
i 

Thus the space attenuation depends on the ratio R,/R,, whereas the 

absorption attenuation depends on the difference R, — R,. There- 

fore close to the source the space attenuation predominates, but at 

large distances from the source the absorption becomes more im- 

portant, if y has a nonzero constant value. 

In the earth’s atmosphere (troposphere and ionosphere), however, 
the situation is somewhat more complicated because y does vary 
from point to point; it is a function of altitude (air density) in the 
atmosphere, and in the ionosphere it is a function of the electron 
density. In such cases the absorption attenuation of a wave over the 
propagation path from R, to R, is expressed mathematically by the 
following integral: 


R 

fic | * (R) dR db (1-15) 
Ri 

The evaluation of the variation of y in the atmosphere is a compli- 

cated problem. Curves showing the results of calculations for typi- 


cal paths in a standard troposphere have been published by the 
author.* 


* L. V. Blake, ‘‘Tropospheric Absorption Loss and Noise Temperature in the 
Frequency Range 100-10,000 Mc” (Correspondence), JRE Transactions on 
Antennas and Propagation, AP-10, 101 (January 1962). 
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1-2. Radio-Wave Optical Principles 


So far the discussion has applied principally to electromagnetic 
waves in free space. The absorption effect is an exception, but it 
represents a relatively minor departure from “‘free space”’ because it 
does not alter the ray-wavefront behavior. The rays and wave- 
fronts are the same in a uniformly absorbing (homogeneous, iso- 
tropic) medium as they are in free space. 

In the environment of the earth, or in any “space” that is not 
empty, effects may occur that do alter the ray-wavefront behavior. 
Then Fig. 1-2 no longer represents the actual behavior. The effects 
that occur are referred to as optical effects because they were first 
observed and studied in connection with the science of optics—the 
behavior of light waves. It is, of course, not surprising that these 
optical phenomena also apply to radio-wave propagation, for light 
waves and radio waves are both electromagnetic waves, differing 
only in frequency (hence also in wavelength). It is also not sur- 
prising that some of these effects are most strongly observed at the 
shorter radio wavelengths (higher frequencies); however, they are 
generally important at all frequencies. 

These effects are refraction, reflection, interference, and diffrac- 
tion. The first two can be explained basically in terms of rays and 
wavefronts, the principles of geometric optics. The second two, 
however, can be explained only in terms of physical optics, which 
requires a more detailed consideration of the electric and magnetic 
fields. Geometric optics may be applied when the dimensions of all 
the significant elements of the situation are large compared with the 
wavelength and when no wavelength-dependent effects are involved: 
otherwise the problem comes within the purview of physical optics 
or, more generally, electromagnetic theory. The significance of 
these statements will become clearer in the ensuing discussion. 


Refraction. When a wave passes from one region to another in 
which the wave speed is slower or faster, refraction occurs. Refrac- 
tion takes place either when the two propagation regions are 
separated by a sharp boundary or when the wave velocity varies 
gradually and approximately linearly over a region that is large com- 
pared with the wavelength. Refraction at a plane boundary is 
illustrated in Fig. 1-3. 
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As shown, a plane wavefront AB in medium I is directed toward 
the boundary surface. The direction is defined by the angle of 
incidence @,, which the rays make with the normal (perpendicular) 
to the surface. This wavefront is shown at the exact instant that its 
lower edge A has reached the boundary surface. 

It is assumed that the wave speed vz in medium II is slower than 
the speed v, in medium I. The wave proceeding downward from 
point A will now be traveling in medium II at the slower speed vs, 
whereas that portion of the wavefront at Bis still traveling in medium 
I at the faster speed v,. Consequently, during the time that it takes 


Original ray direction 
i NORMAL 


Original wavefront 


gr 


Figure 1-3. Refraction at a plane boundary between two media. 


the wave to go from B to B’ in medium I the lower edge of the wave 
will go only from A to A’ in medium II, the distances BB’ and AA’ 
being in the same ratio as the speeds v, and vz. Consequently the 
wavefront is defined by the line A’B’, which is tilted with respect to 
AB. (This is the wavefront because it defines a surface of constant 
phase of the wave.) 

Since rays are defined as being perpendicular to the wavefront at 
all points, the rays have now changed their directions. The direction 
of the wave has also been changed by the amount 6, — 0, to a 
direction defined by the angle 6, the angle of refraction. 

By considering triangles ABB’ and B’A’A it can readily be shown, 
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since the distances BB’ and AA’ have the same ratio as v, has to ve, 
that the angles @, and @, are related by the expression 


sin 6, 0, ie 
sin@, Us ry 


This ratio is also commonly expressed in terms of the refractive 
indexes of the two media. The refractive index is defined as the 
ratio of the speed of the wave in vacuum, c = 3 x 10° meters per 
second, to the speed v in the actual medium. Thus the refractive 
index of medium I is n; = c/v, and that of medium II is ng = c/v2. 
Consequently, 

sin 6; Ng 

sin 6. ny; 


(1-17) 


In an electrically nonconducting medium, the wave velocity is 
given by 
re. 

V pe 
where p is the magnetic permeability and « is the electric permittivity. 
The index of refraction, therefore, is given by 

Cc) V pe 
n en 

P V Ho€o 
where po and «, are the permeability and permittivity of a vacuum. 
iiheseevaiues are fj, = 1.26 x 10~-* henry per meter and «, = 8.85 
x 10-17% farad per meter, giving 


C= Re te 2068 ols ob spy ne cy 
a ie265%10-°)(8:85. x 10-23) 


v (1-18) 


(1-19) 


~ 3 x 10° meters per second 


as previously stated. The permeability of most common dielectrics 
is the same as that of a vacuum; therefore, in most cases the index of 
refraction is the square root of the ratios of the permittivities only. 
Moreover, since the ratio of the permittivity of a substance to that 
of a vacuum is defined as the dielectric constant K, it is generally 
true that the index of refraction of a dielectric medium is simply 
equal to the square root of its dielectric constant. Therefore one 
may usually write 

sin 6, _ K, 


sin 65 Kea Gacy) 
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Dielectric constants of typical substances used at radio frequencies 
range from | to about 5, although a few special materials with higher 
values are available. Generally the low-loss materials (low absorp- 
tion coefficients) tend also to have low dielectric constants. The 
value K = 1 applies to air (approximately) and vacuum (exactly). 

When the angle of incidence of a wave is zero (8, = 0), it is appar- 
ent from Eqs. 1-16 to I-18 that the angle of refraction must also be 
zero (4, = 0), regardless of the indexes of refraction. That is, an 
incident plane wave whose rays are normal to the plane surface 
between two propagation media will not be refracted (meaning 
that its direction of propagation will not be changed; however, its 
forward speed will of course be changed). 

In Fig. 1-3 it is assumed that the wave goes from a medium of 
higher speed into one of slower speed. If the order of speeds is 
reversed, the behavior of the rays and wavefronts is reversed. That 
is, the directions of the rays in Fig. 1-3 may be reversed and every- 
thing else will remain unchanged, except that 0, becomes the angle of 
incidence and 0, the angle of refraction. 

Refraction will also occur when a curved (e.g., spherical) wave- 
front is incident on a plane interface between two media, when a 
plane wavefront is incident on a curved boundary surface, and when 
curved wavefronts impinge on curved boundaries. The analysis of 
these cases, of course, is more complicated, but the principles are the 
same. In general, the curvature of the wavefront is changed by 
refraction. This is the basis of the design of lenses, both as used with 
light waves in telescopes, microscopes, spectacles, cameras, and so 
forth, and also as used with radio waves in some types of antenna at 
very short wavelengths. 

Refraction may also occur when a wave travels in a medium that 
has a velocity gradient in the direction perpendicular to the direction 
of propagation (parallel to the wavefront); that is, when the index of 
refraction increases or decreases in a gradual manner rather than 
abruptly. Then the rays are bent gradually toward the direction of 
lower wave velocity (higher index of refraction), a result that may be 
deduced by reasoning similar to that employed for refraction at a 
plane boundary. In Fig. 1-4 a plane wavefront AB is traveling 
horizontally in a medium with a vertical index gradient. The wave 
velocity is assumed to be faster in the upper part of the medium than 
in the lower part; that is, the refractive index n is greater in the lower 
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part of the medium. In the simplest case the variation is assumed to 
be linear. The upper part of the wavefront will travel the distance 
AA’ in the same length of time that it takes the lower part to travel 
the shorter distance BB’, so that the new wavefront A’B’ is tilted 
downward. This tilting occurs in a gradual fashion as the wave 
progresses, as indicated in Fig. 1-4 by the intermediate wavefronts 
shown by dashed lines. 

This effect actually occurs for waves traveling approximately 
horizontally in the earth’s atmosphere, because the refractive index 
of air is very slightly greater in the denser lower atmosphere than 
it is at very high altitudes, the variation being approximately linear 


Figure 1-4. Refraction ina medium having-gradual variation of the refractive 
index. 


over a restricted range of altitude. Because the refractive index of 
the lower atmosphere is only about 1.0003, compared to 1.0000 for a 
vacuum, the downward bending of the rays is very slight indeed, so 
small as to be unobservable over short propagation paths. It is 
significant over very long distances only. A similar type of bending 
occurs at some frequencies in the ionosphere, but there the ray curva- 
ture is in general more complicated because of the more compli- 
cated behavior of the refractive index variation. 


Reflection. In the discussion of refraction at a plane boundary (Fig. 
1—3) it was tacitly implied that the wave is totally refracted—that all 
the wave power incident on the surface in medium I passes into 
medium If. Actually this is not true. Some of the power is 
reflected. Reflection refers to the formation of an additional new 
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wavefront that travels upward from the surface into medium I so 
that in general the incident wave is split up into two waves, one re- 
fracted (transmitted through the boundary surface) and one reflected. 
Figure 1-5 represents this situation. The reflected wave may be 
thought of, perhaps rather unscientifically, as one that bounces off 
the surface. The reflection of light waves (as from a mirror) is a 
familiar phenomenon that everyone has observed. Radio waves are 
similarly reflected. Because the reflected wave is traveling at the 
same speed as the incident wave, it may be deduced that the angle of 
reflection 63 is exactly equal to the angle of incidence 6,. 


Incident Reflected 
wavefront a wavefront 
Incident ‘ Reflected 
ray ray 


6; 
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Figure 1-5. Reflection and refraction at a plane boundary between two propa- 
gation media. 


So far only the relationships between the relative directions of the 
incident, refracted, and reflected wavefronts have been considered. 
Equally important is determination of the relative amounts of the 
total power that are reflected and refracted (transmitted). Detailed 
analysis of this problem is quite complicated and requires a knowl- 
edge of advanced electromagnetic theory. Only a brief outline is 
given here. 

The ratio of the reflected-wave electric intensity to that of the 
incident wave is called the reflection coefficient I’ (gamma). This 
coefficient expresses not only the relative amplitudes but also the 
phase shift that may occur in the reflection process; that 1S. 2s vet 
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complex number (in accordance with principles discussed in Appen- 
dix A): 
TeSNe ete (1-21) 


where ¢, is the phase angle of the reflection coefficient. If the inci- 
dent and reflected electric intensities are E, and £3, with individual 
phase angles ¢, and ¢3, then J’ is found as follows: 


= Ey = |E,|e7%1 = |E,| 


| ie = — = 
Eo |Ea\e%s ~ | Eg! 


ei(b, -— 3) (1-22) 


Thus |J"| in Eq. 1-21 is given by the ratio of the amplitudes of the 
waves, and ¢, is given by the difference of their phase angles. 

The ratio of the power densities of the reflected and incident waves 
is given by |J'|?, since the power density is proportional to the square 
of the electric intensity (Eq. 1-9). 

The fraction of the total incident power transmitted through the 
surface (refracted) is expressed by the power transmission coefficient 
T (usually called the transmission coefficient). Since the Law of 
Conservation of Energy requires that the total of the reflected and 
transmitted power shall equal the incident power, it is readily 
deduced that 


Irj?+T=1 (#93) 


Note that T does not allow computing the electric intensity or power 
density of the transmitted wave. It expressed a relationship between 
the total power incident on and transmitted through the surface, just 
as |I’|* expresses a similar relationship for the incident and reflected 
power. 

When the conductivity of medium II (Fig. 1-5) is very high, most 
of the incident wave is reflected and very little is transmitted. In 
fact, for a perfect conductor |I| = 1 and T= 0. For nonconduct- 
ing dielectric materials both J’ and T are functions of the angle of 
incidence of the waves, and of the polarization, as well as of the 
dielectric constants of the two media. 

If medium II has some conductivity but is not an excellent con- 
ductor, waves penetrating the surface are absorbed, that is, they set 
up currents that are converted to heat in the resistance of the material. 
In this case it is customary to express the fraction of power that 
penetrates the surface in terms of an absorption coefficient, A, rather 


24 Electromagnetic Waves Chait 


than a transmission coefficient. Equation 1—23 holds for this situa- 
tion, with T replaced by A. 

When the reflecting surface is curved rather than plane, the curva- 
ture of the reflected wave is different from that of the incident wave; 
however, when a curved wavefront is reflected from a plane surface, 
the curvature of the reflected wave is the same as that of the incident 
wave. Plane and curved metallic reflecting surfaces have important 
applications in the design of high-frequency antennas. 

Reflection may also occur from a surface that is irregular or rough 
rather than smooth. Such a surface may destroy the shape of the 
wavefront. The reflected wave in this case is scattered in a random 
fashion, so that the reflected amplitude or power density in a given 
direction is not exactly predictable as it is for smooth surfaces. This 
phenomenon is called diffuse reflection, whereas reflection from a 
smooth surface is said to be specular (mirror-like). 

Diffuse reflection is not characterized by a reflection coefficient 
containing a phase angle, as is specular reflection. The random 
nature of diffuse reflection results in a phase angle that varies unpre- 
dictably at different regions of the surface. Diffuse reflection, 
therefore, is expressible only in terms of a power reflection coefficient, 
Rz 

Surfaces may also be semi-rough. For such surfaces the degree of 
roughness is not sufficient to destroy the shape of the reflected wave- 
front completely; there is a mixture of diffuse reflection and specular 
reflection. In such cases a total power reflection coefficient, R, may 
be expressed in terms of the diffuse-power-reflection coefficient, Ry, 
and the specular-reflection coefficient ||. Since the total reflected 
power must be the sum of the diffuse and specular components, the 
relation is 


R=R, + |P/? (1-24) 


When the incident wave is reflected partly specularly and partly 
diffusely and is also partly transmitted, R may be substituted for 
Pei in Bqe 1223: 

For a given degree of actual roughness of a surface the values of 
R, and |I| vary with the angle of incidence 0; of the wave before 
reflection. Atnormal incidence (@; = 0°), R, has its maximum value 
and |I’| its minimum value. As 0; increases, Ry decreases and |I| 
increases, and for very large values of 6; (near 90°) the semi-rough 
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surface may reflect almost specularly, that is, with R, = 0. This 
effect is described by the Rayleigh criterion, which states that a 
semi-rough surface will reflect as if it were a smooth surface (i.e., 
specularly) whenever 6; is greater than the value defined by 


cos 0, = (1-25) 


r 
8d 
where A is the wavelength of the incident wave and d is the depth of 
the surface irregularities, as shown in Fig. 1-6. Here the specular 
component of the reflected wave appears to be reflected from a plane 
intermediate between the highest and lowest portions of the surface, 
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Figure 1-6. Reflection from a semi-rough surface. 


whereas the diffuse reflection is indicated by ray lines going off in all 
directions from each point of the surface. 


Principle of Images. When a spherical wavefront is reflected from a 
plane surface, it retains its spherical shape, and its direction is 
changed as in a plane wave. The exact behavior of the reflected 
wavefronts may be predicted by the principle of images, as illus- 
trated in Fig. 1-7. In that figure, the reflected wavefront appears to 
be originating at S,, although it actually originates at S, and is 
specularly reflected from the plane surface. The virtual source Sz is 
located a distance h, below the reflecting surface equal to the actual 
height 4, of the true source S, above the surface and on a line 
from S, perpendicular to the surface. Therefore the distance from 


26 Electromagnetic Waves Chal 


the actual source to a point P,, which is S,P, + P,Ps, is the same as 
the distance from the virtual source S,P, + P,P,. The virtual 
source S, is called the image of the actual source S,. This is the 
familiar optical principle of the mirror, according to which an 
observer at P:, looking along the line P,P,, sees an image of an ob- 
ject located at S;. The object appears to be at Sz, although the light 
waves are actually coming from S,; they are reflected from the sur- 
face in such a way that they seem to be coming from Sj. 
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Figure 1-7. The principle of images. 


Interference So far the optical principles considered have been in 
the category of geometric optics, which means essentially that the 
discussion has centered on the behavior of rays and wavefronts. 
Additional principles are necessary for problems in the realm of 
physical optics. 

Electromagnetic waves in free space, and in many other media, are 
subject to the important principle of linear superposition on the basis 
of which interference effects can be analyzed. Interference occurs 
when two or more electromagnetic waves exist simultaneously at 
the same point in space. The principle of linear superposition states 
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that the total electric and magnetic intensities at the point are the 
(vector) sums of the individual wave vectors. 

This may seem to be a simple and natural fact, no more surprising 
than that 2 oranges plus 3 oranges equals 5 oranges. Linear super- 
position, however, does not always hold in every physical situation, 
and sometimes it does not hold for electromagnetic waves. Certain 
types of propagation media (not commonly encountered, fortunately) 
have nonlinear properties, so that a field of 2 volts per meter super- 
imposed on a field of 3 volts per meter (parallel vectors and instan- 
taneous values) does not result in 5 volts per meter. But in ordinary 
media, including air and vacuum, the principle of linear superposi- 
tion does hold. (Even for the medium of air an exception may be 
noted, when the voltage exceeds the value at which “‘ breakdown” 
occurs. ) 


Figure 1-8. Addition of vectors. 


When the superposition principle does apply, it applies to the 
instantaneous values of vectors, added vectorially. The principle of 
vector addition is illustrated in Fig. 1-8. (The reader is assumed to 
have encountered this principle previously, and it is illustrated here 
primarily for reference purposes.) 

The vectors to be added are E, and E,, which may be thought of 
as instantaneous values of electric intensity at a point in space, 
described by equations of the type of Eq. 1-2. Their directions in 
space differ by the angle a, as shown. (Their directions may differ 
this much because their polarizations differ by this amount, for 
example; or one wavefront may have been tilted the amount « with 
respect to the other by a refractive or reflective process.) 

By trigonometric analysis of this construction it is found that 


E3 — VE? = Ee i 2h bes COS a (1-26) 
In this equation the letters E,, E2, E; denote the magnitudes (lengths) 


28 Electromagnetic Waves Ch 


of the vectors E,, E,,E3;. The equation gives no information con- 
cerning the direction of E3, which may be determined from Fig. 1-8 
by measuring the angles y (gamma) and 5 (delta). It may also be 
determined by trigonometric analysis of Fig. 1-8, which yields 


Ey, sin « 


wi pis ss ie E, cos « 


(tog) 


Some special cases are worth noting. If E, = Eo, then =e)? 85, 
and Eq. 1-26 becomes * 


E3 


E,V2 + 2cos « = 2E, cos (5) (1-28) 
The specialization « = O results in E; = E, + Eo, and specialization 
a = 180° gives E; = E, — E,, corresponding to the vector addition 
of parallel and antiparallel vectors. 

This type of vector addition of two electric intensities solves the 
superposition (interference) problem in which E, and E, have the 
same frequency and the same time phase but different directions in 
space at the point under consideration. ‘‘The same time phase”’ 
means that the sinusoidal rf variations are perfectly synchronized, 
with their maxima and zero values occurring at exactly the same 
instants. As noted, the case in which the two intensity variations 
are exactly opposite in phase can also be handled by this kind of 
analysis, because two “parallel” vectors of opposite time phase cor- 
respond to the antiparallel case « = 180°. If the time-phase dif- 
ference is other than 0 or 180°, a more complicated analysis is 
required. 

This analysis, however, can be made fairly simply for the case in 
which the spatial directions of the vectors are the same (=O). 
Suppose, for example, that the two electric intensities are 


| 


E,(r, t) = Eo, sin (2nft e a is $,] (1-29) 


27s 


CMTS De (2nft = Et by (1-30) 


* To obtain the final expression, use the standard trigonometric formula: 
cos (x/2) = V (1 + cos x)/2, which by rearrangement gives 2 cos (x/2) 
= V2 4 2 cos x. 
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in accordance with Eq. 1-2, except that the letters r and s are used 
here for distances measured along the propagation paths. This 
implies that the two waves may have traveled different distances 
before arriving at the point under consideration from the reference 
points at which r = 0 and s = 0 and at which the phase angles were 
¢, and ¢2. Moreover, the amplitudes of the two interfering waves 
Eo, and Eo, are not necessarily the same. The interference problem 
thus described has numerous antenna applications. 

To avoid unnecessary complication of the equations in further 
discussion of this problem, the following standard abbreviations are 
used : 


Rees (1-31) 
2 
=p (1-32) 


The quantity w (omega) is known as the angular frequency, and 
B (beta) is the phase constant; w expresses the angular rate (in radians) 
at which the phase angle of the wave at a fixed point in space changes 
in time, and f is the rate of phase change with distance at a fixed 
instant of time. The customary units for w are radians per second, 
and for f, radians per meter; that is, t and 4 are ordinarily measured 
in these units.* Thus a time period T = 1/f corresponds to 27 
radians, or 360° of phase angle, as does also a distance x = A. 
(T = 1 cycle and A = 1 wavelength.) 

If this notation is used and the principle of superposition is applied, 
it is apparent that when EF, and E, are parallel vectors at the same 
point in space the resultant intensity is 


E(t) = E,(r, t) + E,(s, t) 
= Eo, sin(wt — Br + $,) + Eog sin (wt — Bs + do) 
(1-33) 


No distance variable is indicated for E3, since it expresses the 


* The use of radian angle measure is standard in scientific work and is often 
more convenient. However, trigonometric tables are more commonly 
available for angles in degrees, minutes, and seconds or in decimal degrees. 
The average reader is likely to have a greater familiarity with measurement of 
angles in degrees. Therefore angles are expressed sometimes one way, some- 
times the other, in this book. 
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intensity at a single point only. Therefore E, is a sinusoidally 
varying electric intensity with an amplitude and phase angle 


E3(t) = Eog sin (wt + d3) (1-34) 
By algebraic manipulation it is found from Eqs. 1-33 and 1-34 that 


Eos = noe + Fog”? + 2Eo1Fo2 COs [$1 — d2 — B(r — s)] (1-35) 
and 


£o1 sin (1 — Br) + Eos sin ($2 — Bs) (1-36) 


tan ¢3 = Eo1 Cos (¢, — Br) + Eos cos (Pg — Bs) 


Although these equations appear complicated, they are actually 
simple in the sense that if numerical values of all the quantities on 
the right-hand sides are known numerical values of Ey3 and ¢3 are 
easily calculated. 

It is easily shown that Eqs. 1-35 and 1-36 are essentially the same 
as Eqs. 1-26 and 1-27, if « is equated to [¢, + ¢2 — B(r — s)] and 
if the angle (¢, — Br) is arbitrarily taken to be zero, which is permis- 
sible, for it amounts only to choosing a particular origin for the 
coordinate system. Therefore, as is well known in a-c circuit 
theory, the same geometric construction (Fig. 1-8) can also be applied 
in this case. 

When E, and E, are different both in direction and phase (other 
than 180°) the case is more complicated and is not treated in detail 
here. The resultant electric intensity is a space vector that undergoes 
an elliptical variation in its direction and amplitude in the general 
fashion described for an elliptically polarized wave, except that the 
plane of the ellipse is not perpendicular to the direction of propaga- 
tion unless E, and E, are propagating in the same direction. 

The space-time relationships that have been described are often 
confusing to those who are encountering them for the first time. 
They become clear only after familiarity has been gained by working 
problems and by thinking about them at some length. Some helpful 
exercises are given at the end of the chapter. It is worthwhile to 
achieve familiarity with these ideas, because the interference pheno- 
menon is the basic principle of most directional antennas, and it has 
other applications as well. 
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Huygens’ Principle: Diffraction. The discussion of refraction and 
reflection in terms of rays and wavefronts assumed that the dimen- 
sions of the reflecting or refracting surfaces (or regions, in the case of 
gradual refraction) were large in relation to a wavelength. Whena 
wavefront encounters an obstacle or discontinuity that is not large 
compared to the wavelength, the simple principles of geometric 
optics cannot be used to analyze the result. The correct analysis 
is obtained by application of Maxwell’s equations, which are the 
basis of electromagnetic theory. 

Huygens’ principle, deducible from Maxwell’s equations, is helpful 
in solving many problems of this type. According to it, every point 
on a given wavefront may be regarded as a radiating source, from 
which a spherical wavelet is propagated. At further points in space 
the resulting field intensity may be found by superposition of all of 
the fields due to these wavelets, taking into account their phases and 
the interference effects that have just been discussed. This super- 
position, regarded as the sum of an infinite number of wavelets, is 
expressed mathematically by an integral. 

The phenomenon of diffraction may be understood qualitatively 
in terms of this verbal description, with the aid of diagrams. In 
Fig. 1-9 it is supposed that a plane wavefront has reached position 
AA’. Spherical “‘wavelets’”’ are shown originating from three arbi- 
trarily chosen points on AA’. In actuality, of course, such wavelets 
are assumed by Huygens’ principle to arise at every point on AA’. 
If now a new surface BB’ is drawn tangent to all of the wavelets with 
equal radii, the field along BB’ can be considered as the superposition 
of fields due to all the wavelets from AA’. For the situation shown, 
an exact mathematical solution of the interference integral would 
show that the field at a given point on BB’ due to all wavelets origi- 
nating on AA’ would be exactly the same as the field at the nearest 
point of AA’ with its phase retarded by 27d/A radians, where d is the 
distance between AA’ and BB’. Thus the waves appear to propa- 
gate along straight ray paths perpendicular to the wavefronts, but 
this is actually because the interference of wavelets from all points on 
an existing wavefront produces this result. An analogous result is 
obtained for the propagation of spherical wavefronts. 

This analysis applies exactly only if the plane wavefront extends 
infinitely in all directions of the plane. It applies practically if AA’ 
is of large extent compared to a wavelength; then the ray-wavefront 
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construction can be applied without appealing directly to Huygens’ 
principle, although as indicated it is consistent with the principle. 
Suppose, however, that the wavefront AA’ encounters an obstacle 
that has an edge. At points beyond this obstacle it is apparent that 
the geometric-optics assumption is violated, and the wavefront is no 
longer of infinite extent, a situation described in Fig. 1-10. The 
“infinite”? wavefront AA’ is propagating to the right and encounters 
a barrier, or obstacle, which might be a sheet of metal, for example, 


A B 
| 


| 
| 
a ie 


Figure 1-9. Huygens’ principle applied to propagation of plane waves. 


or any other substance impenetrable to electromagnetic waves. 
Therefore, when the wavefront is passing the edge of the obstacle, it 
extends in the upward direction only to the lower edge of the obstruc- 
tion, at B. Beyond the obstacle (to the right) a semi-infinite wave- 
front CC’ will be formed. According to the ray-wavefront concept, 
no electromagnetic field would exist in the “shadow region” above 
the dashed line BC. Huygens’ principle, however, states that a 
wavelet originating, for example, at point P on the wavefront BB’ will 
propagate into the shadow region (and so also will wavelets from all 
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other points on BB’). The existence or nonexistence of a field in 
the shadow region will then depend on the interference of all such 
wavelets in this region. 

The exact analysis, based on Maxwell’s equations—that is, on the 
detailed mathematical application of Huygens’ principle to this 
problem—shows that in fact the field is zero at some points of the 


Shadow 
region 


Figure 1-10. Diffraction at the edge of an obstacle. 


shadow region and nonzero at other points. This effect, observable 
with light waves under laboratory conditions, is also observable with 
radio waves under suitable conditions. It is an important effect in 
analyzing the performance of some types of antennas—those for 
which it is desired to radiate a very narrow ‘“‘beam”’ of waves in a 
preferred direction and to minimize radiation in all other directions. 
Ideally, it would often be desirable to have absolutely no radiation in 
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undesired directions; but this result is never perfectly achievable 
because of the diffraction effect. Consequently, an understanding 
of the general principles of diffraction is necessary for an intelligent 
approach to minimizing the diffraction pattern (which results in the 
side lobes and back lobes of a directional antenna pattern). 


1-3. Radiation and Reception 


So far electromagnetic waves have been discussed as they propa- 
gate in space, and very little has been said about how they originate. 
The process by which this occurs is radiation. Radiation results 
when high-frequency electric currents flow under suitable conditions. 
The detailed mathematical description of the relationship between 
electric currents and their associated fields can be derived from 
Maxwell’s equations. These are four partial differential equations 
(as usually formulated), and on them the whole structure of electro- 
magnetic theory is based. The practical successes of this theory 
place it among the most impressive of man’s scientific achievements. 

Equations 1-2 and 1-3 are solutions of Maxwell’s equations for 
the simplest situation, that of a wave in free space at a great distance 
from the radiating source—in short, a plane wave. Equations 1-2 
and 1-3 give no information on how radiation occurs, but Maxwell’s 
equations do give this information. They state that whenever elec- 
tric current flows, a magnetic field is set up in the surrounding space. 
Any variation of this magnetic field will result in creation of an 
electric field. The magnetic field will vary, of course, if the current 
varies; therefore, with alternating current the magnetic field will be 
continuously varying and will therefore continuously generate an 
electric field. Because the two fields always exist together—one 
cannot exist without the other unless it is nonvarying—the com- 
bination is called the electromagnetic field. The time variations of 
the field components will be related to the nature of the variations of 
the current; if it is sinusoidal, the fields will vary sinusoidally at the 
same frequency. 

Moreover, the varying electric field, according to Maxwell’s 
equations, generates a magnetic field. This exchange between the 
two fields provides the mechanism by which waves may be propa- 
gated in space at the “‘speed of light.’ The fields are a form of 
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energy, and therefore electromagnetic wave propagation represents 
a transport of energy outward from the radiating source. The 
energy is supplied by the electric power source which is the origin of 
the current. 

Not all of the field surrounding a current-carrying conductor 
results in propagation of waves outward into space. Some of the 
energy of these fields is returned to the conductor; it is temporarily 
stored in the fields, which are related to reactive effects—that is, 
inductive and capacitive effects. The total field consists of two 
components—the induction field and the radiation field. The induc- 
tion field is confined to a fairly local region near the conductors; the 
radiation field may propagate to great distances, although its strength 
will decrease with distance, both by spherical spreading of the wave- 
front (inverse-square law) and by absorption if there is any. This 
radiation process will be described in further detail for the case of a 
dipole radiator, in Sec. 4-1. 


Requirements for Radiation. Under some conditions the induction 
field predominates, and there is little or no radiation. For appre- 
ciable radiation to occur, certain requirements must be met. Max- 
well’s equations, or more accurately, conclusions derived from them, 
establish the conditions necessary for radiation to occur. 

A fundamental requirement is that the current shall be time 
varying. As might then be supposed, the more rapid the variation, 
that is, the higher the frequency of an alternating current, the greater 
the amount of radiation that will occur for a given amount of current. 
It is not that radiation cannot occur at low frequencies, but only that 
conditions are more favorable for radiation as the frequency in- 
creases. 

There are also some requirements on the configuration of the 
current flow. As is well known, at low frequencies current ordinarily 
flows in closed circuits, as indicated in Fig. 1-11. As shown, the 
current / in opposite sides of the circuit at an instant of time is in 
opposite directions. Because of this, although each leg of the circuit 
might by itse/f result in an appreciable radiated field, the radiation at 
distant points due to each leg separately will be exactly of opposite 
phase and will cancel—that is, destructive interference will occur with 
resultant zero field strength. Consequently, in effect, there will be 
no radiation. 
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This assertion tacitly assumes, however, that the physical separa- 
tion of the opposite legs of the circuit, denoted by d, and dz, is much 
smaller than a wavelength at the frequency of the current and also 
that the currents in opposite legs of the circuit are in phase but 
oppositely directed. If either of these assumptions is not correct, 
the fields will not cancel completely; in fact, it is readily seen that if 
phases and separations are just right the interference may be con- 
structive rather than destructive, and appreciable radiation may 
result. However, at the low frequencies of a-c power circuits—60 cps— 
and even at “audio” frequencies, the dimensions of any ordinary 


Figure 1-11. Current in a closed-loop circuit. 


circuit will be such that these assumptions are correct. A wave- 
length in free space at 60 cps, for example, is 3100 miles! Conse- 
quently, radiation is negligible, and is neglected in low-frequency a-c 
circuit theory. When Maxwell’s equations are applied to low- 
frequency circuits, certain terms that are significant at high fre- 
quencies become negligible and may be omitted. It is an interesting 
fact that the resulting simplified equations are the well-known equa- 
tions of ordinary circuit theory—for example, Ohm’s law and the 
laws of electric and magnetic induction. 

But at radio frequencies it is entirely feasible to make the distances 
d, and d, appreciable compared with a wavelength, and it is also 
easily possible to produce phase shifts of the currents in opposite 
legs of the circuit. Also, it is possible to produce current flow in a 
‘‘circuit”’ that is not (in the usual sense) a closed loop, that is, in a 
straight wire with an “open end” or ends. Then appreciable 


Sec. 1-3 Radiation and Reception a0 


radiation results, and ordinary a-c (low-frequency) circuit theory is 
no longer applicable. 

Finally, for radiation to occur, the conductor carrying the current 
must be reasonably “in the clear,” that is, not enclosed by obstacles 
that are impenetrable to electromagnetic waves. This is a fairly 
obvious requirement, but worth mentioning. It means, for example, 
that one should not locate an antenna inside a steel-reinforced 
building or deep in a mine. It also means that radiation may be 
prevented, when desired, by placing circuits inside closed metallic 
enclosures; this is the principle of shielding. 

A solid conductor carrying current is not necessary for radiation, 
although most antennas do employ metallic conductors. The ele- 
ment of electric current in most conductors is the electron; the cur- 
rent consists of motion of electrons. Electrons can also exist and 
move in empty space (vacuum or near vacuum), as they do, for 
example, in the vacuum tubes used as radio amplifiers and oscilla- 
tors, in the earth’s ionosphere, and in other regions of “‘ outer space.” 
When such “‘free electrons” undergo acceleration, radiation occurs, 
at a frequency depending on the acceleration. Radiation of this 
type from electrons in galactic space is one source of radio “‘noise”’ at 
high frequencies (and would be at low frequencies as well were it not 
for the shielding effect of the earth’s ionosphere). Electrons 
accelerated in lightning discharges in the atmosphere also emit radio 
waves that are heard as noise of the type called “‘static,” at frequen- 
cies of several megacycles and below. (The radio waves radiated by 
a single lightning stroke cover a broad band of frequencies.) 

Electromagnetic waves are radiated by individual electrons at 
frequencies in the range of visible and ultraviolet light and X-rays, 
when they undergo violent accelerations. Such accelerations may be 
due to collision with other particles, interaction with electric and 
magnetic fields, or to energy-level transitions of electrons in atomic 
orbits. 


Reception and Reciprocity. The foregoing discussion has dealt 
explicitly with the radiation aspect of antennas. As is well known, 
some antennas are not intended to radiate; their function is to 
“‘receive’’ radio waves. Reception is precisely the inverse of 
radiation. Whereas a current flowing in an antenna will produce 
radiation, an electromagnetic field impinging on an antenna will 
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cause current to flow in it. A transmitting antenna ‘“‘launches”’ 
electromagnetic waves into space. A receiving antenna captures 
energy from an incoming field and converts it into electric current. 
Maxwell’s equations also predict this effect, stating that an electro- 
magnetic field will cause current to flow in any conductor exposed to 
it, of the same frequency and with proportional amplitude and phase 
variations. It follows that these variations of the current in a 
receiving antenna will be proportional to the variations in the trans- 
mitting antenna that launched the waves. Variations deliberately 
produced in the transmitting-antenna current will be faithfully 
reproduced (though much reduced in amplitude) in the receiving 
antenna. Therefore intelligence can be transmitted and received. 

Because the receiving process is exactly the reverse of the trans- 
mitting process, any antenna can be used for either transmitting or 
receiving, the only restriction being that a transmitting antenna may 
have to carry heavy currents and withstand high voltages. Antennas 
intended solely for receiving may not have heavy enough conductors 
or large enough insulators for transmitting. The currents and vol- 
tages In receiving antennas are ordinarily so small that they are 
immeasurable with ordinary electric meters; they have to be ampli- 
field, by using vacuum-tube or solid-state amplifiers, to be of useful 
magnitude. 

In every other respect, however, receiving and transmitting anten- 
nas are indistinguishable and will work equally well for either pur- 
pose. For this reason the properties of a particular antenna may 
be measured and discussed equally well on either a transmitting ora 
receiving basis. This is a very valuable bit of knowledge for the 
antenna engineer or technician, for it is often easier to employ one 
form of operation than another in experimental work. 

In practice receiving antennas are sometimes designed to be 
inefficient. Such a design is permissible for reception in a high-field 
strength region, that is, not very far from a transmitting station. It 
is also permissible with high-gain receivers, at frequencies below a 
few megacycles, when the noise level is determined primarily by 
external noise sources (e.g., atmospheric static). Obviously it would 
be inadvisable to use such antennas for transmitting. This state- 
ment, however, does not contradict what has been said concerning 
the interchangeability of the transmitting and receiving functions of 
an antenna; it merely stresses that inefficient operation may be 
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acceptable in some receiving applications but that it is usually unac- 
ceptable (for economic reasons) in transmitting applications. At 
the higher frequencies, when a complete radio system for communica- 
tion between two fixed points is being designed, including both the 
transmitting and receiving antennas, receiving antenna effectiveness 
is on a par with transmitting antenna effectiveness, in determining 
the overall performance of the system, and equal design effort should 
be expended on each of them. 

Thus a reciprocal relationship exists between the radiation and 
reception processes and between transmitting and receiving proper- 
ties of antennas. This concept, developed mathematically in 
advanced texts, is an example of the reciprocity principle or reci- 
procity theorem. 


1-4. Environmental Wave-Propagation Effects 


The propagation of radio waves in free space has been considered 
in Sec. 1-1, and certain nonfree-space effects such as refraction, 
reflection, and diffraction have been described in Sec. 1-2. The 
actual environment in which radio waves are ordinarily propagated 
may contain obstacles, discontinuities, and propagation-medium 
variations that give rise to some or all of these effects, in ways that 
have important effects on radio system design, and thus indirectly at 
least on antenna design. Sometimes the effect on antenna design is 
more direct—for example, where the reflecting properties of the 
earth are utilized deliberately (as well as unavoidably perhaps) to 
produce a desired pattern of radiation and reception. (Hereafter, 
in view of the reciprocity relationship that has been described, 
properties of antennas may be referred to in terms of either radiation 
or reception, without the reciprocal property being expressly men- 
tioned, but it will be assumed that the reader realizes the application 
of these properties to either function.) 


The Earth Environment. Historically, the only environment of 
importance for practical radio-wave propagation was that of the 
earth and its immediate surroundings. Now of course radio has 
invaded ‘“‘outer space.” In many respects the concept of free-space 
propagation is realized in space far from the earth or any other 
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astronomical body, at least over a large portion of the total propa- 
gation path, to a degree unachievable in the earth’s immediate 
environs. Even in the earth’s atmosphere, however, essentially free- 
space conditions sometimes prevail—for example, over short paths 
between highly directional antennas. Such conditions usually 
exist only at rather high frequencies. Over long paths, and espe- 
cially at lower frequencies, the effects of the earth’s surface, the gases 
of the lower atmosphere (troposphere), and the charged particles 
(electrons) of the ionosphere play an important part. 


Figure 1-12. Radio-horizon effect and earth’s shadow. 


The earth’s surface produces two important effects. First, being 
solid and essentially impenetrable to electromagnetic waves, it repre- 
sents an obstacle, in the sense of the discussion of diffraction (Fig. 
1-10). Consequently, it “casts a shadow,” as illustrated in Fig. 
1-12. In the shadow region it is apparent that radio waves traveling 
in a straight line from the antenna cannot penetrate. There will be 
some diffraction into the shadow region, but ordinarily the field 
strength from this effect is too small to be of practical value for radio 
communication. Thus “line-of-sight” radio propagation from an 
antenna of height h, Fig. 1-12, would be limited to the horizon 
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distance, d,, assuming that the receiving point is close to the earth’s 
surface. This distance is given approximately by the formula 


d, = 1.4Vh (13h 


where d,, is given in statute miles and / in feet. Actually this for- 
mula takes into account the very slight downward bending of radio 
rays in the earth’s atmosphere, as illustrated in Fig. 1-4. 

Thus an antenna height of 100 feet gives a horizon distance of 
only 14 miles, and of 1000 feet, only 44 miles. Some further increase 
is obtained if both transmitting and receiving antennas are elevated: 
the total horizon range is then the sum of the values of d,, computed 
separately for the two antennas. 


Beyond-the-Horizon Propagation. It is apparent that long-distance 
radio communication between points on or near the earth’s surface 
requires some method other than direct-path propagation. The 
principal method of reaching a point around the curve of the earth 
consists of two steps, namely, propagation by a path that first goes 
upward to reach a point high above the earth and then downward 
into what would be the shadow region for direct-path propagation. 
This process is illustrated in Fig. 1-13. The transmission from point 
P, on the earth’s surface reaches point P3 by first going to P., high 
above the earth, then down again to Ps. As shown, it is possible to 
reach points well below the normal horizon line for direct-path 
propagation from P,. However, there obviously must be something 
at P, to cause the waves to turn downward. Several means of 
accomplishing this result are available. 

The original method of long-distance radio propagation around 
the curve of the earth was by reflection from the ionosphere. This 
layer of electrically charged particles (actually, several layer-like 
regions at different altitudes) acts as a reflector of radio waves at the 
lower frequencies—generally from about 10 Mc downward, although 
the exact upper limit varies with time of day and other factors. The 
ionization is produced by the sun’s radiation and so is most intense 
in the daytime; however, it persists to some degree through the night 
so that ionospheric propagation is possible throughout the 24 hours 
at some frequencies. For any particular path there is likely to be an 
approximately optimum frequency at a particular time of day. 
Round-the-world propagation is possible by means of multiple 
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reflections. The ionosphere extends from about 40 to more than 
200 miles above the earth. (lt is a reflecting region rather than a 
reflecting surface; it is in fact more logical to regard the “‘reflection”’ 
as actually a refraction process, at least at the higher frequencies.) 
The ionosphere continues to be a most valuable means of long- 
distance radio propagation; but as it 1s subject to the vagaries of solar 
activity and is restricted to the lower frequencies, it has limited use- 


Figure 1-13. Beyond-the-horizon propagation path. 


fulness. Other means have therefore been sought, and found, in the 
years following World War II. 

Tropospheric scatter propagation is useful for distances up to a 
few hundred miles at frequencies in the VHF and UHF. In this 
method the waves are “‘scattered’’ downward from irregularities of 
the atmospheric dielectric constant. The exact nature of these 
scattering regions is a subject of some controversy. Scattering may 
be regarded as a diffraction process, semi-reflective in effect. 
Because the scattered field strength is not a very large percentage of 
the transmitted field, large antennas and high transmitter powers are 
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required. Nevertheless, the scatter method has proved to be advan- 
tageous for fixed-point communication links, largely because of the 
freedom from ionospheric variability effects and because the distances 
involved are too short for good ionospheric reflection. It has the 
further important advantage of permitting the use of frequencies too 
high for ionospheric reflection, thus relieving the overcrowded con- 
ditions in the ionospheric-reflection portion of the radio spectrum. 
Also, there is more freedom from interference by other stations 
because of the restricted distance to which the scattered signals are 
effective. 

Scattering from ionospheric irregularities and from the ionized 
trails of meteors have also been found to be practical methods. 
Ionospheric scatter is limited to the frequency region of about 25 to 
60 Mc; it is effective up to about 1000 miles. Meteor scatter can be 
employed from 6 to 75 Mc for distances up to about 1000 miles. 

Because the scatter methods are subject to limitations of distance 
and frequency range, in the 1960’s reflection or relay from artificial 
satellites has become an important method of long-distance radio 
transmission between points on the earth’s surface. The Echo I 
balloon, placed in orbit at a height of about 1000 miles in 1960, was 
the first of these satellites; it is a reflecting sphere 100 feet in diameter, 
with an orbital period of about 2 hours. Echo II, 135 feet in dia- 
meter, was launched in January 1964. Reflection via these satellites 
requires large directional antennas capable of following the satellite 
in its orbit. Frequencies from about 100 Mc to about 10,000 Mc 
may be employed. They are passive satellites. 

Active satellites receive signals from the earth, and then retransmit 
them to earth on a different frequency in amplified form. These 
satellites contain amplifying circuits and have receiving and trans- 
mitting antennas. There are two forms of active relay satellites. 
One form travels in a polar orbit (Telstar) at an altitude of about 600 
miles; again, large antennas capable of following the satellite’s 
motion are required. The second form of relay satellite is in a 
synchronous equatorial orbit at such altitude and speed that it 
appears stationary as viewed from the rotating earth. The altitude 
is about 22,000 miles. Although the transmission path is much 
longer than for Telstar, the earth-based antennas do not have to be 
capable of following a rapidly moving satellite. Also continuous 
communication between two points is possible with synchronous 
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satellites, whereas with the Telstar type it is necessary to have several 
of them in “‘staggered”’ orbits to achieve continuous communication 
between two fixed points on the earth. Both types have been used 
successfully for intercontinental relay of both television and speech. 

For special purposes reflection from the moon’s surface has been 
used as a communication method at VHF. This method has the 
disadvantage, of course, of being limited to the times that the moon 
is above the horizon; it also requires very high power and large 
antennas. 

At some frequencies, usually VHF and above, unusual atmos- 
pheric conditions sometimes result in abnormally great downward 
bending of ray paths, owing to an extreme effect of the type illus- 
trated by Fig. 1-4. Under such circumstances waves may be propa- 
gated in a path that follows the curve of the earth, hence into the 
normal shadow region. This effect is called superrefraction or 
sometimes “trapping” or “ducting.” It usually occurs in warm 
climates when unusual moisture and temperature conditions prevail 
and is not sufficiently reliable or predictable for most beyond-the- 
horizon propagation applications. However, under very unusual 
conditions propagation by this method beyond 1000 miles has been 
observed, and 100-mile paths are not unusual. 

At VLF, the lower edge of the ionosphere behaves virtually like a 
perfect conducting surface, and vertically polarized waves at these 
frequencies may be propagated around the world as if they were con- 
fined between two perfectly conducting spherical shells, the inner 
shell being the earth’s surface. This is known as VLF waveguide- 
mode propagation, and it is very effective and reliable for round-the- 
world communication. However, extremely high power and a large 
transmitting antenna are required. 

At somewhat higher frequencies, up to about the upper limit of 
the regular broadcast band (about 1500 kc), vertically polarized 
waves may propagate to some distance beyond the line-of-sight 
horizon by means of a surface wave. This beyond-the-horizon 
mode of propagation has been known and used since the early days 
of broadcasting; however, it provides only a moderate extension of 
the line-of-sight limitation. Surface wave propagation depends on 
the fact that a conducting surface tends to “‘ guide” a wave polarized 
perpendicularly to it, so that the wavefront remains approximately 
perpendicular and thus maintains a direction parallel to the surface. 
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However, the guiding effect is only partial when there is but one guid- 
ing surface, rather than two as in the VLF waveguide mode. The 
wave partially escapes from the guiding surface as it progresses, so 
that the method is not effective beyond a distance that depends on 
the frequency. It also depends on the conductivity of the earth, 
being greater over the ocean, for example, than over dry land. 
Usable field strengths are attainable at distances ranging from about 
100 miles at the higher end of this frequency range to thousands of 
miles at the lower end, although here the VLF waveguide mode is 
probably partially operating. The surface wave is the principal 
mechanism of beyond-the-horizon broadcast-band propagation in 
the daytime and for propagation to moderate distances at night. 
The long-distance reception observed at night is due to ionospheric 
reflection. 


Reflection from the Earth’s Surface. Next to its role as a barrier, 
creating a shadow region, the most important effect of the earth itself 
on the propagation of radio waves is its action as areflector. Moist 
earth or a water surface will reflect electromagnetic waves in the 
lower part of the radio spectrum quite well. At the higher fre- 
quencies the surface may be too rough to reflect specularly, although 
in accordance with Rayleigh’s criterion (Eq. 1-25) a rough surface 
will reflect specularly at sufficiently large angles of incidence (small 
angle between the ray direction and the surface, called the grazing 
angle). At larger grazing angles semi-specular reflection may occur, 
as shown in Fig. 1-6. Therefore under some circumstances the 
effect of earth reflection may be observed at any frequency up to at 
least 10 Ge. 

Reflection from a plane surface was illustrated in Fig. 1-5, and the 
principle of images for specular reflection was shown in Fig. 1-7. 
The reflection that occurs from the earth’s surface may be understood 
in terms of these concepts. Although the earth is approximately 
spherical, when an antenna is located within a few hundred feet of 
the surface the region of reflection may be regarded as virtually plane. 

Waves reflected from the earth’s surface are important because 
they interfere with waves propagated in a direct path, as illustrated in 
Fig. 1-14. As shown, a transmitting antenna is assumed to be 
located at S,, at a height 4 above a perfectly reflecting plane surface, 
and therefore its image is located at S,, a distance 2h from S,. A 
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direct wave travels to a receiving antenna at P, following a straight- 
line path (except for the slight downward curvature due to atmos- 
pheric refraction, which may be disregarded here). A reflected 
wave also arrives at P, via the path S,P, + P,P; however, in accor- 
dance with the image principle, this wave may be regarded as originat- 
ing at S, and proceeding to P, via the straight-line path S,P, + P,Po. 
The elevation angle of point P, as viewed from S, is designated 0. 
Since the two waves arriving at P, are of exactly the same fre- 
quency, being actually from the same source, they will interfere in 
accordance with Eqs. 1-35 and 1-36. Whether the interference is 
constructive or destructive depends on the phase difference. Since 


Reflecting surface 


Figure 1-14. Geometry of interference between direct-path and reflected- 
path waves. 


the lengths of the two wavepaths are not the same, there will in 
general be a path difference 6 and a consequent phase difference 
equal to 6d radians (8 = 27/X). At some points in space the two 
waves will reinforce each other; at other points they will tend to 
cancel so that there will be regions of zero or near-zero field strength. 
This effect can have serious consequences; in radar, for example, it 
can result in “blind” regions of space where targets cannot be 
detected. It may also be an important factor in antenna measure- 
ments, as discussed in Sec. 8-3. 

The calculation of the field at P, resulting from interference of the 
direct and reflected waves can be carried out by geometric analysis 
of Fig. 1-14. Although the assumption of a plane perfect reflecting 
surface is not always representative of actual conditions, it is a 
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reasonable approximation at VHF and lower frequencies for anten- 
nas at low or moderate heights over moist earth or water, especially 
for low-elevation angles. 

If the electric intensity of the direct-path wave is denoted by E, 
and that of the reflected wave by E,, then from Eq. 1-35 


b= Vie AB? + DE Bacos(¢ — ps) (1-38) 


where ¢ is the phase change incurred by the wave in the reflection 
process (corresponding to ¢, — 42 of Eq. 1-35) and 8 is the path 
difference of the direct and reflected rays (corresponding to r — s of 
Eq. 1-35). For low-elevation-angle rays and highly conducting 
earth or water at high frequencies ¢ = 180°. 

The path difference 6 is ordinarily a very small fraction of the total 
path length, so that it is important in its effect on the relative phases 
of the direct and reflected waves but has no effect on their relative 
amplitudes. If the antenna radiates equal power densities in the 
directions of the direct and reflected rays, as is often true, and if the 
reflection coefficient of the surface is unity (|I"| = 1), a simplification 
of Eq. 1-38 may be made because these assumptions mean that 
EE, = E,; therefore 


E = E,V2 + 2cos (¢ — Bs) (1-39) 


If also ¢ = 180°, as is often the case, this expression may be further 
simplified by trigonometric manipulation to 


Ee i2F 


ae (5) (1-40) 


(The absolute-value brackets are used because E and E, are defined 
as positive quantities, whereas the sine function may be either posi- 
tive or negative.) 

A simple geometric analysis, assuming that the distance to P, from 
Sg is very much larger than the antenna height h, indicates that the 
path difference 6 is given approximately by 


6 ~ 2h sin 0 (1-41) 
and therefore 


85 = 4x(5) ie (1-42) 
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Hence for a given value of h/A (antenna height expressed in wave- 
lengths) the interference becomes a function of the elevation angle 
6 only. A final simplification of Eq. 1-38 is then possible (from 


Eqs. 1-40 and 1-42): 
‘ j= sin * 
SU | ae 


Application of this formula to the particular value of h/A = 1.44 
results in the field-strength pattern shown in Fig. 1-15. 


EP 2on (1-43) 
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Figure 1-15. Interference-pattern field-strength contours relative to free- 
space contour, for A/A = 1.44. 


The contours, or lobes, represent surfaces of constant field strength. 
The origin of the coordinate system is the location of the transmitting 
antenna. Elevation angle is shown at 10-degree intervals up to 
60 degrees. The plot is made relative to the contour that would 
exist if the antenna radiated uniformly at all elevation angles and 
there were no reflected wave (free-space contour). As shown, there 
are three lobe maxima between 0 = 0° and @ = 90°, for the particu- 
lar value assumed for the ratio of antenna height / to wavelength A, 
namely, 1.44. 
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As this implies, the number of lobes depends on this ratio, being 
approximately equal to 2h/A. Thus at very short wavelengths (very 
high frequencies) there may be many lobes and nulls; for example, 
at a frequency of 500 Mc (A = 1.97 feet) and with an antenna height 
of 100 feet, there would be approximately 100 lobes between 6 = 0° 
and @ = 90° (actually, 101.5). The pattern shown in Fig. 1-15 
could occur with an antenna height of 100 feet at a frequency of 14 
Mc. 

An important factor in the calculation is the phase difference ¢. 
It might be thought that this would be zero, for the direct and reflec- 
ted waves are actually coming from the same antenna S;. But, as 
mentioned for horizontally polarized waves and a perfectly conduct- 
ing reflector, a phase reversal occurs at the point of reflection, 
amounting to a shift of the phase angle of the reflected wave by 180° 
(7 radians). A very important result of this assumption is that zero 
field strength results at @ = 0°—the horizontal direction. This 
result is undesirable in some applications, but it cannot be avoided. 
The best remedy is to bring the first lobe maximum down to as low 
an angle as possible, as may be done either by increasing the fre- 
quency or increasing the antenna height, or both, to increase the 
ratio h/A. The elevation angle of the first lobe maximum is approxi- 
mately equal to 15A/h degrees (A/4h radians). 

When the reflecting surface is not perfectly conducting, the phase 
change on reflection may be different from 180 degrees, although 
with horizontal polarization the value will usually be close to 180 
degrees. However, with vertical polarization the phase shift may 
vary considerably for different elevation angles, and the interference 
pattern will be modified accordingly, although the same general type 
of pattern will be observed. In particular, at frequencies above a 
few megacycles the phase change will still be 180 degrees for @ = 0° 
even with vertical polarization and an imperfectly conducting ground, 
so that the null at this elevation angle will still occur. 

At frequencies below about 3 Mc, the ground becomes a suf- 
ficiently good conductor so that with vertical polarization the phase 
shift due to reflection is zero. Therefore, at these frequencies it is 
possible to place a vertical-polarization radiator close to the ground 
and to obtain a maximum (rather than a minimum) of radiation in 
the horizontal direction. This is highly desirable for many appli- 
cations, and it is a reason for the use of vertical polarization at 
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frequencies in which this effect occurs, for example, in LF and VLF 
communications and in broadcasting entertainment programs in the 
standard broadcast band intended for reception in the surrounding 
area with most of the receiving antennas close to the ground. For 
long-distance ionospheric transmission the zero-angle radiation is 
not so vital, however, and horizontal polarization may be used if 
h/X can be made equal to at least unity, although h/A = 2, giving a 
maximum at @ = 7°, would be better. It is worth noting that 
although the interference of direct and reflected rays creates unde- 
sirable nulls in the radiation pattern, in the lobe maxima the field 
strength is twice as great as it would be otherwise, for example, in 
free space, as indicated by the dotted free-space contour in Fig. 1-15. 

If the earth is not a perfect reflector, the amplitude of the reflected 
wave Eo, (Eq. 1-35) will be less than that of the direct wave, Foy, 
with the result that the field strength will be greater than zero in 
the minima (1.e., complete nulls will not occur) and less than twice 
the free-space value in the maxima. With vertical polarization at 
high frequencies over a water surface, the reflection coefficient varies 
with the angle of incidence, going through a minimum at a particular 
angle, called the Brewster angle, which depends on the frequency. 
This effect also has the result of ‘‘filling in” the nulls of the pattern 
and reducing the maxima. Reflection from a rough surface will 
have a similar effect, except at very low angles, because only specu- 
larly reflected waves can produce a regular pattern of interference 
lobes. 


Wave Nomenclature. The terms sky wave and ground wave were 
introduced many years ago when propagation at distances beyond 
the horizon was generally accomplished via ionospheric reflection, 
and at shorter distances by means of either a surface-guided wave or 
by direct line-of-sight transmission. These terms are still in use, 
and their meanings are illustrated in Fig. 1-16, which also shows 
some of the terminology applied to various components of the 
ground wave. 

As shown in Fig. 1-16, the sky wave is propagated by an ionos- 
phere-reflected path. The ground wave comprises any one or more 
of the other three types of paths shown: (1) a direct-path (line-of- 
sight) wave; (2) a reflected-path wave; (3) a surface-guided wave or, 
more simply, surface wave. The direct wave and the reflected wave 
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are sometimes collectively called the space wave. The ground wave 
is a collective term for the space wave and the surface wave, standing 
in juxtaposition to the sky wave. Confusion of usage sometimes 
occurs, however, and ground wave may be used to mean what is here 
labeled surface wave. 
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Figure 1-16. Nomenclature of wave propagation (not to scale). 


Transionospheric Propagation. Now that radio transmission to and 
from various outer-space locations is commonplace, the effect of the 
ionosphere on waves passing through it is of importance, whereas at 
one time the ionosphere was of interest primarily because of its 
ability to reflect radio waves back to earth. Naturally, transmission 
through the ionosphere requires the use of a frequency well above the 
frequencies that are reflected from it; generally, frequencies above 
10 Mc are necessary. 

A wave that is above the critical reflection frequency may never- 
theless be appreciably refracted in passing through the ionosphere, as 
illustrated in Fig. 1-17. As shown, the wave path is at first bent 
downward as it enters the ionosphere from below. Then, after 
reaching the region of densest ionization, it is bent back upward, and 
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eventually emerges with nearly its original direction. If the direc- 
tion of the antenna beam at the earth were used to determine the 
direction of a source of incoming waves, this bending effect would 
cause some error in the determination. Therefore it is important 
to be aware of the effect. If the ionosphere electron-density height 
profile is known, the magnitude of the effect can be calculated. 
Generally it is not an appreciable effect above 100 Mc and is less at 
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Figure 1-17. Refraction in transionospheric propagation. 


night than in the daytime. A similar statement applies to the 
absorption losses that occur in the ionosphere. 

A more important effect in transionospheric propagation below a 
few hundred megacycles is the Faraday rotation of the polarization 
ofa wave. This rotation occurs as a result of the combined effect of 
the charged particles (electrons) of the ionosphere and of the earth’s 
magnetic field. Because of the variability of the effect, it is not 
feasible to attempt to predict the exact amount of rotation at low 
frequencies, where the total rotation may even be many multiples 
of 360 degrees. This rotation is important because, if polarized 
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antennas are used for both transmission and reception, the received 
polarization will sometimes be correct and sometimes incorrect for 
optimum reception. If the polarization of the signal is at right 
angles to that which the antenna is intended to receive, in principle 
no reception will result. 

Several remedies are available, however. One is to use either 
circular polarization, or two linear polarizations at right angles to 
each other, so that one or the other of them will at all times receive 
a signal. Another remedy is to use a linearly polarized receiving 
antenna whose polarization direction can be varied to agree with the 
polarization of the incoming wave. The third remedy is to operate 
at a high enough frequency so that no appreciable rotation occurs 
—above 1000 Mc, or possibly a bit lower. The present tendency 
for space communication and other space transmissions is to use 
frequencies between about 1000 and 10,000 Mc, although avoidance 
of Faraday rotation is only one of several reasons for using this 
frequency region. 


The Radio-Transmission Equation. Equations 1-4 and 1-5 are 
expressions for the power density of a wave at a given distance from 
an isotropic radiating source in free space. An expression of this 
type is a transmission equation for this special case. A more general 
transmission equation will now be derived. Such an equation is 
needed not only in radio system analysis but also in some antenna 
measurement applications. 

When an antenna radiates nonisotropically, that is, when it radi- 
ates more power in some directions than in others, the power density 
in the preferred directions will be greater than it would be for an 
isotropic antenna. The ratio of the power density in a given direc- 
tion to that which would be observed at the same distance if an iso- 
tropic antenna were radiating the same total power is called the gain 
of the antenna, G. It follows that if a transmitting antenna has a 
gain G, in a certain direction, the received power density Y, at a 
distance R in that direction will be 


_ PGi 


PP — 
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(1-44) 


(Compare Eqs. 1-4 and 1-5.) This is a free-space radio-transmission 
equation. If the field strength (electric intensity) rather than the 
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power density is desired, it can be obtained by applying Eq. 1-9 
(noting that 377 = 1207), which gives 


ites V30P,G, 


; R (1-45) 


When the path between the transmitter and receiver is not ‘“‘free 
space,’ a modification of these equations is required. A propaga- 
tion factor F has been defined by Kerr* for this purpose as the ratio 
of the field intensity actually received to that which would have been 
received at the same distance under free-space propagation conditions, 
that is, 


E 
hee oe (1-46) 
Peres space) 
By merely rearranging this definition, Eq. 1-45 [which gives 
Evtvee spacey] Can be converted to a nonfree-space equation, as fol- 
lows: 


FV 30P,G, 
EN ecmet = nt ae oe space) — a (1-47) 


Similarly, the equation for power density under nonfree-space con- 
ditions becomes 
TPG 


P, = (1-48) 


As defined by Kerr, F also expresses the fact that the gain of an 
antenna may not be maximum in the direction being considered; if F 
is thus defined, G, would be defined, in Eqs. 1-47 and 1-48, as the 
gain in the maximum-gain direction. The factor F is then called 
the pattern-propagation factor. When F is defined solely as a 
propagation factor, G, must be defined as the gain of the antenna in 
the direction being considered, and only those situations for which a 
single ray direction is involved can be handled. Kerr’s original 
definition and method must be used when more than one ray direc- 
tion is involved, unless the antenna gain is the same in the various 
directions. 


* D.E. Kerr, “‘ Propagation of Short Radio Waves,” MIT Radiation Laboratory 
Series, Vol. 13, McGraw-Hill, 1951, Chapter 2, pp. 36-41. 
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In some important cases F may be calculated. The reflection- 
interference pattern calculation, exemplified by Fig. 1-15, is essen- 
tially a calculation of F; in this case, it 1s 


fc 


sina is 


(1-49) 
since E, is the free-space field strength. With E expressed in terms 
of Eq. 1-43, this becomes 

(1-50) 


ae 2|sin (= sin *)| 
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In this case the maximum value of F is obviously 2 (when the sine 
function has its maximum numerical values +1), and the minimum 
Varue is zero. In free space, of course, F = 1. 


PROBLEMS AND EXERCISES 


1. A plane electromagnetic wave in free space has an electric-intensity 
amplitude of 10 volts per meter and initial phase angle ¢ of 15 degrees 
at the time ¢ = O and the position z = 0. The frequency is f = 5 x 10° 
cps (500 kc). What is the instantaneous electric intensity at the position 
z = 3 meters at time t = 10~® seconds? (Note: To work this problem 
in degrees rather than in radians, substitute the number 360 in place of 
27 in Eq. 1-2.) 

2. A wave propagating in free space is at a point 20 km from its 
source (assumed to be a point source), and the power density is 
P = 2 x 10~° watt per square meter. What is the power density at a 
distance of 30 km.? 

3. The electric intensity of a wave in free space is 2.7 x 10°? volt per 
meter. (a) What is its power density in watts per square meter? 
(b) What is the magnetic intensity in ampere-turns per meter ? 

4. (a) The attenuation constant of a uniformly absorbing propagation 
medium is y = 0.01 db per kilometer. A plane wave propagating in 
this medium (assumed to be of infinite extent) has, at an initial point, a 
power density 7; = 1 x 10°~? watt per square meter. What is the 
power density A, at a second point 300 km away in the direction of 
travel of the wave? 

(b) If the initial point in part (a) is at a distance R,; = 100 km from 
the source of the waves, so that the wavefront must now be regarded as 
spherical (and spreading) rather than plane, and if a second point is at a 
distance R. = 400 km from the source in the same direction, what is the 
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total attenuation in decibels due to both the spreading and the absorp- 
tion? (Note: Because the medium is assumed to be of infinite extent, 
the wave propagation will follow free-space laws except for the absorp- 
tion; Eq. 1-14 applies.) 

5. A plane wave in free space is incident upon the plane surface of a 
dielectric material at an incidence angle of 30 degrees. The dielectric 
constant of the material is K = 4. By what angle does the direction of 
propagation change as the wave passes into the dielectric medium? 
(That is, what is the difference between the angle of incidence and the 
angle of refraction ?) 

6. A boundary between two propagation media has a total power- 
reflection coefficient R = 0.64. (a) What is the power-transmission 
coefficient, 7? (b) If the reflection is partly specular and partly diffuse, 
and the specular coefficient is of magnitude |/’| = 0.7, what is the 
diffuse-power-reflection coefficient, Ry? 

7. (a) A transmitting antenna is located on a mountain top at a height 
of 5000 feet, overlooking the sea. A ship is steaming directly away from 
it. Assuming that the only signal that can be effectively received is the 
one that propagates via a direct (line-of-sight) path, at what maximum 
distance will the ship be able to receive signals from the mountain-top 
antenna? (Assume that the transmitting power is adequate for distances 
to the horizon. Neglect the height of the shipboard antenna.) (b) An 
airplane at an altitude of 1000 feet is also flying out to sea, on the same 
course as the ship. At what maximum distance can it receive the 
signals ? 

8. A radio station has a total radiated power P; = 10,000 watts, and 
an antenna gain G; = 30. If free-space propagation is assumed, what 
is the electric intensity of the radiated field at a distance R = 100 km 
(10° meters), expressed in volts per meter ? 

9. A shipboard transmitting antenna radiates P; = 1000 watts and 
has a power gain G; = 100. Its height above the sea surface is such that 
at a certain elevation angle the propagation factor is F = 2. An air- 
plane at a range R = 50 km (5 x 10% meters) is at an altitude corres- 
ponding to this elevation angle. What power density exists at its 
receiving antenna due to the transmission from the ship? 

10. An isotropic antenna is located at a height of 101 feet above a 
perfectly reflecting plane surface. The wavelength of the radiated signal 
is 10 feet. The phase angle of the reflection coefficient is 180 degrees. 
At a distant point whose elevation angle is 30 degrees, what is the propa- 
gation factor F? (Note: To utilize tables of trigonometric functions in 
degrees rather than radians with Eq. 1-50, replace the factor 27 by the 
number 360. Also recall that sin (360n + ¢) = sin 4, if 7 is an integer.) 


a. 


Transmission lines 


A knowledge of transmission lines is a prerequisite in the study of 
antennas for three reasons: (1) A transmission line virtually always 
connects an antenna to a transmitter or receiver, and is often regarded 
as a part of the antenna system; (2) in some types of antennas trans- 
mission-line elements are integral parts of the antenna; and (3) the 
principles of transmission lines are applicable to understanding some 
aspects of antenna theory. 

The material of this chapter, like that of Chapter 1, is intended for 
review and reference. A complete treatise on transmission lines 
would provide material for an entire book. Therefore only the basic 
aspects of the subject will be covered here, with emphasis on antenna 
applications. 


2-1. Basic Transmission-Line Concepts 


A transmission line is a specific example of what is known in 
circuit theory as a linear passive four-terminal network or, in more 
modern terminology, a linear passive two-port. Its function is to 
convey electrical power or signals between two points appreciably 
separated in distance. 

The simplest form of transmission line, a pair of parallel wires 
insulated from each other, is shown schematically in Fig. 2-1. It is 
called a two-wire balanced line. Basic transmission-line principles 
will be discussed in terms of this type of line, but most of them will 
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be found to be applicable directly or with minor modifications to 
other forms of lines, such as coaxial lines and waveguides. 

As indicated in Fig. 2-1, the spacing of the wires, S, their diameter, 
d, and their length, /, are important properties of the line. These 
are dimensional properties, but they are important electrically. Also 
important, naturally, are the electrical properties—the conductivity 
of the wires, and the dielectric constant, permeability, and loss 
characteristics of any material within the field of the line. 

In operation, a load of impedance Z,; is connected to the load 
terminals of the line, and a sinusoidal voltage V; is applied to the 
input terminals. Given these quantities, the transmission-line prob- 
lem is to find the current and voltage at points along the line and at 
the load. It is usually also of particular interest to know what impe- 
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Figure 2-1. Dimensional elements of a two-wire transmission line. 


dance the line presents at its input terminals to the source (generator) 
of the input voltage. By definition this impedance, Z;, is the ratio of 
the input voltage V; to the input current J/,, so that finding Z; is not a 
separate or additional problem. 

Figure 2—2 indicates the nature of this electrical problem, which 
differs in an essential way from that of the simple four-terminal 
network of circuit theory. When the voltage V; is applied at the 
input terminals, it does not result in the immediate appearance of a 
voltage V,; at the load terminals. A finite time is required for the 
voltage to travel the length of the line, in the same way that an 
electromagnetic wave has a finite velocity in space. In fact, voltage 
and current traveling along a transmission line are accompanied by 
an electromagnetic wave in the space between the conductors, and 
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the transmission-line problem can be analyzed in terms of this field 
instead of in terms of the voltage and current. The line is then 
regarded as a means of guiding the field so that it is confined to a 
region near the line rather than spreading spherically in space. 
Because of this confinement, the waves do not suffer the inverse- 
square-law decrease of power-density with distance as do waves in 
free space. 

Thus the transmission line may be considered either from the point 
of view of voltages, currents, and electrical circuit theory or from the 
point of view of a guided electromagnetic wave. It is more conven- 
tional to adopt the former approach, at least initially; and this will 
be done here. However, the wave concept cannot be avoided 
altogether; reference will be made to the propagation of voltage and 


Load 


Figure 2-2. Electrical elements of the transmission-line problem. 


current waves along the line, and the velocity of propagation will 
play an important part in the analysis. Eventually, in the discussion 
of waveguides as transmission lines, the electromagnetic-wave 
approach will necessarily be adopted. 


Equivalent-Circuit Line Representation. A transmission line has in- 
ductance, capacitance, and resistance just as do “‘ordinary” four- 
terminal networks. The essential difference is that these properties 
are distributed uniformly and continuously along the line, whereas 
in ordinary circuits they are “lumped.” For purposes of analysis, 
however, the transmission line can be represented by an arrangement 
of lumped-circuit elements as shown in Fig. 2-3. 

Each identical circuit section in this representation corresponds to 
a unit length of the line, that is, L is the inductance per unit length of 
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the conductors, C is the capacitance between the conductors per unit 
length, R, is the series resistance of the conductors per unit length, 
and R, is the shunt or “leakage”’ resistance per unit length. For 
this representation of a line to be valid, it is necessary to assume that 
the “unit of length” is a very small fraction of the total line length, 
so that there will be very many of the identical lumped unit-length 
sections. More specifically, it is necessary that the unit of length be 
chosen small compared to a wavelength on the line, defined in the 
same way as for electromagnetic waves in space: 


v 

A = —. meters 2-1 

7 (2-1) 

where v is the velocity of propagation of the voltage and current 

‘““waves”’ along the line, meters per second, and fis the frequency, 
cycles per second, of the applied voltage. 


Cc Re Output 


Figure 2-3. Equivalent-circuit representation of a transmission line. 


These assumptions are necessary to justify certain steps in the 
analysis; but after the analysis is made it is found that the results 
involve ratios of the unit-length circuit values. For this reason, in 
application of the results, L, C, R,, and R, can be expressed as values 
for any unit of length, for example, henrys per meter, farads per 
meter, ohms per meter. (These are the customary units.) 

To describe the behavior of a line in these terms, it is helpful to 
consider first some special cases that are idealizations, that is, are 
never fully attainable in reality although they may be closely approxi- 
mated. The first of these is the line of infinite length (1 oo in Fig. 
2-2). The second is the /oss/ess line, corresponding to R, = 0 and 
Ro conn nig.2—3: 
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The Lossless Infinite Line. If a line is of infinite length, effects due to 
the presence of a load impedance Z, at the load end do not appear, 
for a voltage V;(t) applied at the instant ¢ = 0 will never reach the 
load end, traveling at the finite velocity v. If V,(t) is sinusoidal with 
angular frequency w = 2nf (Eq. 1-31), it is described by 


V(t) = Vo sin (wt + ¢) (2-2) 


in which Vo is the amplitude and ¢ is the phase angle at rt = 0. 
Since the line is lossless, this voltage will travel down the line at 
velocity v with undiminished amplitude. If distance along the line is 
denoted by x, the voltage at the point x will be given by 


V(x, t) = Vo sin (wt — Bx + ¢) (2-3) 


provided that enough time has elapsed for the voltage wave to reach 
the point x, that is, at times ¢ greater than t = x/v. 

The quantity f, as defined by Eq. 1-32, is 27/X, the phase constant. 
Equation 2-3 is identical to the equation of a plane electromagnetic 
wave (Eq. 1—2), with the substitution of a voltage V for the electric 
field intensity E. 

The analysis of the transmission line of Fig. 2-3 leading to this 
result and to the further results that will be presented is made by 
writing and then solving second-order differential equations, based 
on the assumptions that the circuit sections of Fig. 2-3 represent 
infinitesimal lengths of the line. From the analysis, which will not 
be given here, it is also found that the velocity of the voltage waves is 


l 


Baye (2-4) 


pe 


for a lossless line, where L and C are the inductance and capacity 
per unit length of line. In this case if L and C are in henrys and 
farads per meter, v is obtained in meters per second. 

Note the similarity of Eq. 2-4 to the equation for velocity of an 
electromagnetic wave in a lossless medium, Eq. 1-18. Moreover, 
it turns out that if the transmission line is primarily immersed in air 
or a vacuum (except perhaps for solid insulating supports of low 
dielectric constant at well-spaced intervals), the product of L and C 
will be a constant such that v is equal to 3 x 108 meters per second— 
exactly the velocity of an electromagnetic wave in space. Therefore 
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the wavelength, A, as given by Eq. 2-1, will be the same on the line 
as for a wave in space. 

These statements assume that the conductors are straight, smooth- 
surfaced, and are made of nonferrous metal having magnetic per- 
meability of the same value as that of air or vacuum, that is, a 
relative permeability of unity. It may be noted in passing that 
copper-plated steel wire does not violate this assumption, because 
the rf skin effect confines the current and fields to the surface of the 
wire and the external region of space; therefore the steel core does not 
affect the inductance. But if a material having dielectric constant or 
relative permeability greater than one occupies the region between 
and surrounding the conductors, L and C will have a larger product 
and v will be less than 3 x 10° meters per second, being given by 


C 

U aR (2-5) 

where c = 3 x 10° meters per second, p, is the relative permeability, 

and K is the dielectric constant (relative permittivity). For most 

dielectric materials <= 1: 

When the voltage V;,(t) is applied to the input terminals of the 

line, a current flows into the line. It is related to the input voltage 
by a quantity called the characteristic impedance, Z,). That is, 


VD) 
I(t) = we (2-6) 
and Z, is found to be given by 
Z = ef a cane (2-7) 


Equation 2-6 is of course Ohm’s law. (Equation 2-7 is analogous 
to the equation for the wave impedance of a propagation medium, 
Eq. 1-8.) Therefore the current as a function of distance x along 
the line is given by 


Meere (5°) cn eu Re (2-8) 


Or in other terms, as deduced from Eqs. 2—2 and 2-6, 


goal 


sana 


(2-9) 
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which is analogous to Eq. 1-10 for electromagnetic waves in space. 
Also, Eq. 2-8 is analogous to Eq. 1-3. In short, the voltage, current, 
and characteristic impedance of a lossless infinite transmission line 
correspond to the electric intensity, the magnetic intensity, and the 
impedance for a plane electromagnetic wave in free space. 


Reflection and Standing Waves. When the line is of finite length 
/, as in Fig. 2-2, the voltage wave applied to the input terminals will 
reach the load end of the line in a time t = //v, where the velocity v 
is given by Eq. 2-4. If it is assumed that the load impedance Z, 
is at least partly resistive, the resulting current in Z, will cause power 
to be delivered to the load. The power flowing down the line, since 
the voltage and current are in phase (as indicated by Eqs. 2-3 and 
2-8), is given by 

ee chen (2-10) 


where the subscript rms stands for “root mean square” or effective 
values; it is related to the amplitudes by the well-known relations 


Vo 
Vims = —= ~ 0.707V 2-11 
/9 0 ( ) 
and 
I 
1 eee TY, 2-12 
4/9 0 ( ) 


From Eqs. 2-9, through 2-12, it may be deduced that 


Ke | 
Poss aaa eae ke (2-13) 
0) 
It is to be emphasized that this result applies to the power flow in 
terms of in-phase voltage and current in an infinite line, or in a finite 
line before the voltage wave reaches the load. 

The load impedance Z, may be purely resistive, purely reactive, 
or some combination of resistance and reactance. Suppose that it 
is purely resistive and of value R,. Then the power delivered to the 
load will be 
Vi te 


hai 


TPR: (2-14) 


where V, and J, are the voltage and current at the load. Compari- 
son of Eqs. 2-13 and 2-14 shows that if R, = Zo, all the power 
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flowing down the line will be delivered to the load. But if R, does 
not have this value, the two powers cannot be equal if the voltage 
and current of Eq. 2-14 are assumed to be the same as the voltage 
and current of Eq. 2-13. 

What actually happens is that some of the voltage and current are 
reflected. The reflected voltage and current then travel back toward 
the input end of the line, at the velocity v. Consequently, at every 
point x along the line, the voltage is that resulting from linear super- 
position of the original (incident) voltage wave, of amplitude V ,,), 
and a reflected wave, of amplitude V,,,,._ A similar statement applies 
to the current. 

This situation is entirely analogous to the problem of interference 
between two electromagnetic waves at a point inspace. The voltage 
and currents at various points on the line may either add or sub- 
tract from each other, depending on the difference in their phase 
angles, which in turn varies from point to point. The equation of 
the reflected voltage wave corresponding to Eq. 2-3 for the incident 
wave is obtained by substituting Vo, in place of Vo, and (2/ — x) in 
place of x. The phase angle ¢ also will in general be changed in the 
process of reflection, depending on the phase angle of the impedance 
Lis 

The result is that the voltage amplitude will vary along the line. 
There will be maxima at half-wavelength intervals, with minima at 
positions halfway between the maxima. The positions of these 
maxima and minima do not change with time, that is, they do not 
move along the line. The resulting pattern (actually, an interference 
pattern) is therefore a standing wave. A standing wave of current is 
also set up in the same way. The current maxima coincide with the 
voltage minima, and vice versa. 

The arrival of the reflected voltage and current waves at the line 
input terminals results in a changed voltage-current relationship at 
this point. Consequently, the effective input impedance of the line 
is no longer equal to the characteristic impedance Zp, in general. It 
is by definition the resulting ratio of voltage to current. 

Because the effective input impedance undergoes a sudden change 
when the reflected wave first reaches the input terminals, the applied 
voltage V; may also undergo a change at that instant (since the out- 
put voltage of the usual source, or generator, will vary when the 
impedance presented to it varies). The voltage wave traveling 


—— 


a 


Sec. 2-2 Transmission-Line Equations 65 


down the line therefore takes on a new value at this instant, and so 
the reflected wave coming back 2//v seconds later will also have a 
suddenly different value at that instant, resulting in a further readjust- 
ment of the input voltage, and still further adjustments at future 
intervals of 2//v seconds. However, these readjustments become 
progressively smaller and gradually “die out.” They are called 
transients. When they have died out, a steady state is said to exist. 
For some purposes it may be important to analyze the ttansient 
behavior of the line, but ordinarily only the steady-state behavior is 
important. This may be seen by considering a typical value of the 
time 2//v required for a wave to travel down the line and be reflected 
back to the input. For a line 100 meters long (328 feet) this time is 


Dh SD oe 100 


Fees AT 6.7 x 1077 second 


ii 
or 4 sec. The steady-state condition is practically achieved after a 
few of these reflection periods. 

Nevertheless, in some very-short-pulse applications the transient 
effects would be important with this length of line, if an appreciable 
reflected wave occurred at the load end. Transient effects cannot 
be ignored if the time 2//v is comparable to the reciprocal of the 
highest modulation frequency f,, of the rf applied voltage. For 
example, in television transmission the video modulation may con- 
tain frequencies up to several megacycles, so that 1/f,, may be less 
than a microsecond, and transient effects in a 100-meter line length 
would be of consequence. (The picture quality would be degraded. 
The remedy would be to eliminate the reflections at the load by 
methods that will be described in Sec. 2-3.) 


2-2. Transmission-Line Equations 


Steady-State Lossless Line Equations. The equations of the steady- 
state case describe the standing waves of voltage and current along 
the line. The values of V and J in these equations may be interpreted 
as either the amplitudes or the rms values. Since the standing waves 
do not change with time, the time variable ¢ does not appear in them; 
the radio frequency time variation sin (wt + ¢) has in effect been 
“factored out” of both sides of the equations. Moreover, the 
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steady-state equations are customarily written in terms of phasors, as 
discussed in Appendix A. 
The voltage equation is 


Z, cos BUI — x) + jZ_ sin BU — | 


Z, cos Bl + jZ, sin Bi (ake) 


nen v,| 


and the current equation is 


V, [Z, cos BVI — x) + jZ, sin BU — x) 
eI 7 | Z, cos Bl + jZp sin Bl! | anal 


The input impedance, Z;, may be obtained dividing V(O) by J(0), 
as given by Eqs. 2-15 and 2-16 for x = 0. The resulting equation 
1S 


(2-17) 


Tee EB cos B/ + jZ, sin Fil 


Zo cos Bl + jZ, sin Bl 
This equation is often written in a modified form, obtained by divid- 
ing through both the numerator and denominator of Eq. 2-17 by 
Z, cos Bl, which gives 


be (Z,/Zo) + j tan Bl 
Bare hi + j(Z;]/Zo) tan zl anes 


The definitions of the quantities in these equations are listed below 
for ready reference: 


Z;—impedance presented to a source (generator) at the trans- 
mission-line input terminals, ohms 
Z,—impedance connected at load end of line, ohms 


Z —characteristic impedance of the (lossless) line, = VL/C 
ohms (Eq. 2-7) 
V (x)—voltage on line at distance x from the input terminals, volts 
V;,—voltage applied to the input terminals, volts 
Z(x)—current in line at the point x, amperes 
/—total length of line (Fig. 2-2) 
B—2r7/A, where A is the wavelength in the same units as / and 
x (Eq. 2-1), e.g., meters 
It is apparent that the quantities V(x), J(x), and Z;, are in general 
represented by complex numbers,* since the quantity j = ./—1 


* The reader is assumed to have a basic familiarity with the concept of com- 
plex numbers and complex-number algebra. For reference and review, 
Appendix A covers the elements of this subject. 
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appears in the equations. Even if j did not appear explicitly, it is 
implicit in the quantity Z,, which is in general a complex impedance 
having a real (resistive) part R, and an imaginary (reactive) part 
Nene wAlibatis; 


7 Pak Ren es (2-19) 


Some Important Special Line Conditions. Lengths of transmission 
lines have certain properties that are of special interest for particular 
values of the length / or of the load impedance Z,. As Eq. 2-18 
indicates, a transmission line is in general an impedance transformer. 
That is, if an impedance Z, is connected at the load end, a different 
impedance Z; may be presented to a source at the input end. As will 
be shown, sections of transmission line may also exhibit the proper- 
ties of resonant circuits. Therefore transmission-line sections are 
often used in lieu of more conventional circuits as transformers and 
as resonant circuits, especially at the higher frequencies where the 
equivalent coils and condensers become so small that their power- 
handling capabilities are limited, and losses may be high even at low 
powers. These properties of lines lead to results of special interest 
for particular cases. 
(1) Z, = Zo. This condition, when applied to Eq. 2-18, gives 


1 + j tan pl 


ae Zo; + j tan Bi 


salts (2-20) 
That is, when the load impedance is equal to the characteristic impe- 
dance, the input impedance is also equal to this value. The line 
then acts as a one-to-one transformer. This equality of the load 
and characteristic impedances is called the matched load condition. 
The load impedance is said to be matched to the characteristic 
impedance of the line. The one-to-one transformation of impedance 
results regardless of the length of the line, /. Moreover, if the condi- 
tion Z; = Zp is also substituted into Eqs. 2-15 and 2-16, it is found 
that the amplitudes of V(x) and /(x) remain constant for all values of 
x, that is, everywhere on the line. Only the phases change, as would 
be expected from Eqs. 2-3 and 2-8; in fact, these equations of the 
infinite line now apply to the finite line (if and only if Z, = Z,). 


* The subscript L here stands for “load.” The symbol X, often stands for 
“inductive reactance,” as opposed to capacitive reactance Yo. But here YX, 
denotes the /oad reactance, which may be either inductive or capacitive. 
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This property is of great importance, for it provides a method of 
eliminating reflected waves and transient effects. Since there is no 
standing wave, with maxima and minima, such a line is called a flat 
line. It is important to note that since Z, for a lossless line is an 
entirely real (resistive) impedance, the matched-load condition re- 
quires that the load impedance be nonreactive (purely resistive) as 
well as have the magnitude of Zp. 

(2) / = d/2. (Line length equal to one-half wavelength.) For 
this case, the angle 6/ that occurs in Eq. 2-18 becomes equal to z 
radians or 180 degrees. Since the tangent of this angle is zero, the 
equation becomes 


a ee (2-21) 
Lo 

That is, the input impedance is again equal to the load impedance. 
The half-wavelength line is a one-to-one transformer also, regardless 
of the relationship of Z, to Z,); they need not be matched. This 
result also holds when the length / is equal to any integral multiple 
of a half wavelength, that is, whenever //A = n/2, where n may be 
[ee nOl anyiieres: 

But there are two respects in which the half-wavelength one-to-one 
transformer is inferior to the matched line. First, there is a standing 
wave on the half-wavelength (or integral-half-wavelength) line, which 
means there are reflections and transient effects. Second, since the 
one-to-one transformation depends on the fact that //A has a particu- 
lar value, the line will have this property only at one frequency and 
its integral multiples. If it is desired to operate over a wide range of 
frequency without readjustment of the line length, the matched-load 
line should be used. Nevertheless, the half-wavelength line is useful 
as a one-to-one impedance and voltage transformer when its limi- 
tations are not of concern. 

(3) / = 4/4. (Line length equal to one-quarter wavelength.) In 
this case the angle B/ in Eq. 2-17 becomes equal to 7/2, or 90 degrees. 
(Equation 2-17 rather than 2-18 is used because the tangent of 90 
degrees is infinite, and consequently Eq. 2-18 leads to difficulties 
that require careful handling.) Since cos 90° = 0 and sin 90° = 1, 
Eq. 2-17 becomes 


(2 


Q Dy 
zea) 
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The quarter-wavelength line transforms a load impedance Z, that 
is smaller than Z, into a value Z; that is larger than Z,:; and vice 
versa. It is sometimes called an impedance inverter for this reason. 
If Z, is resistive, Z; will also be resistive (real). Thus the quarter- 
wavelength transformer is useful when it is desired to transform a 
resistive impedance into a different resistive value, either larger or 
smaller. The desired transformation is accomplished by choosing 
the appropriate value of Z) in accordance with Eq. 2-22. The pro- 
cedure for obtaining a desired value of Z, is described in Sec. 2-4: 
it depends on the ratio of the spacing of the line conductors, s in 
Fig. 2-1, to their diameter d. Since these physical dimensions cannot 
practically have an infinite range of values, the transformation ratio 
of the quarter-wave transformer is subject to practical limitation. 
Nevertheless, it is a very useful device because of its simplicity and 
the ease with which its behavior is calculated. Lengths / equal to 
odd-number multiples of 4/4 will have the same transformation 
property, but as the length is made longer the sensitivity to a small 
change of frequency becomes greater. 

The voltage transformation of the quarter-wave transformer is 
found from Eq. 2-15 by taking x = /, and as before B/ = 90°. The 
result is 


ein ioe (2-23) 


which shows that when Z, is real the amplitude is changed by the 
factor Z,/Z, and the phase is changed by 90 degrees. (It should be 
noted here that Eq. 2-23 describes the transformation of input vol- 
tage to output voltage, whereas Eq. 2-22 describes the transformation 
of output impedance to input impedance, since these are the usual 
diréctions of interest.) A similar transformation of the current takes 
place, but in the inverse ratio [so that the product of voltage and 
current is unchanged, as required by the principle of conservation of 
energy (power)]. 

(4) Open-circuited and short-circuited lines. If a transmission line 
has no load connected at the load end (open-circuited), the load 
impedance Z, is infinite (or nearly so). If Z, in Eg. 2-17 becomes 
infinitely large, the terms jZ, sin 8/ in the numerator and Z, cos f/ in 
the denominator are so much smaller that they can be ignored 
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(considered equal to zero), and the equation becomes 
Z; = —jZ> cot Bl (for Z, —> 00) (2-24) 
Similarly if the load end of the line is short-circuited, the result is 
Leave! (forZ e220) (2-25) 


In both cases the input impedance Z; is purely reactive (imaginary). 
This means that the input terminals of such lines “‘look like” the 
terminals of either an inductance or a capacitance, depending on the 
length of the line. If the length is between zero and a quarter 
wavelength, so that 6/ is an angle between zero and 90 degrees, the 
open-circuited line will be capacitative (negative reactance, Eq. 2-24) 
and the short-circuited line will be inductive (positive reactance, Eq. 
2-25). For lengths between a quarter and a half wavelength, f7/ lies 
between 90 and 180 degrees, and both the tangent and cotangent are 
negative; therefore the open-circuited line becomes inductive, and 
the shorted line becomes capacitive. For each successive quarter- 
wave increase of length, their behaviors interchange in this way. 
Such line sections may therefore be utilized as elements of induc- 
tance-capacitance circuits; and they are so used, especially at the 
higher frequencies (shorter wavelengths) where the required line 
lengths are not great. 

Open-circuited and short-circuited lines can also behave like 
resonant circuits. This behavior occurs when the length of the line 
is an integral multiple of a quarter wavelength; then tan B/ ~oo, 
and cot 6/ = 0. The quarter-wave short-circuited line presents an 
infinite impedance at its input terminals, like a parallel-resonant LC 
circuit; and the quarter-wave open-end line presents a zero impe- 
dance at its input terminals, like a series-resonant LC circuit. These 
behaviors are interchanged for each successive quarter-wave increase 
of the line lengths. Transmission-line resonant circuits have many 
applications in high-frequency radio circuitry and in antenna design. 


Impedance-Admittance Relationships. It is often convenient, in 
transmission-line calculations, to work with admittance (Y), con- 
ductance (G), and susceptance (B), which are respectively the reci- 
procals, in a somewhat restricted sense, of impedance (Z), resistance 
(R), and reactance (X). The restriction applies only to the con- 
ductance-resistance and susceptance-reactance relationships. The 


i 
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relationship of impedance and admittance is, without any restriction, 
given by 
De ns 
y (2-26) 
That is, they are reciprocals of each other. This equation holds 
when both Z and Y are complex, as well as for purely resistive or 
reactive cases. That is, in general, 


LieR- ix (2-27) 
and 
Fi 1G 4 8 (2-28) 


with the understanding that R and ¥X refer to resistance and reac- 


(a) (b) 


(d) 


Figure 2-4. Various two-terminal arrangements of resistance, reactance, 
conductance, and susceptance. 


tance in series, and G and B refer to conductance and susceptance in 
parallel. 

The restricted nature of the reciprocity between conductance and 
resistance, and between susceptance and reactance, may be under- 
stood in terms of the diagrams of Fig. 2-4. In Fig. 2—4a, it is evi- 
dent that Z = R+ j0. Substituting this value for Z in Eq. 2-26, 
and also applying Eq. 2-28, immediately gives Y = 1/R = G + jo. 
Thus in this simple case, G = 1/R. In other words, the reciprocal 
relationship between G and R holds for a purely resistive (conductive) 
circuit or branch of a circuit. 

In Fig. 2-46, the impedance is Z = jX (purely reactive). (The 
reactance in this diagram is shown as a box, since for the purposes of 
this discussion it may be either an inductance or a capacitance, or any 
combination of the two.) If this value of Z is substituted in Eq. 
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2-26, the result is Y = 1/jX = —j(1/X). If this result is compared 
with Eq. 2-28, it is evident that B = —1/X. Thus for a purely 
reactive circuit, or branch of a circuit, the susceptance is the negative 
reciprocal of the reactance.* 

The restricted nature of the reciprocity relationships becomes 
evident when Fig. 2-4c is considered. The impedance Z, is of course 
simply R, + jX,. Therefore the admittance is 


| | R, ( X, 
=> = ——— = [=> 5] - JI ss S229 
se Z, Ry +jX (a ap GS : Ki ( ) 
Again comparison with Eq. 2-28 makes it evident that for this 
circuit: 


apg FES a 
and 
B, > Rye ais AEs (2 31) 


On the other hand, for the parallel circuit of Fig. 2-4d, the corres- 
ponding relations are simply Gz = 1/R,. and B, = —1/X,. It is 
therefore apparent that the circuits of Fig. 2-4c and 2-4d are 
equivalent if 


Re aha 4 = G (2-32) 
and 
o Ry? ae vee tls ii, 
Xs = na GT = B, (2-33) 


* Actually there are two possible ways of representing this relationship. The 
convention adopted here is the one most generally followed in current practice. 
It assumes that Eqs. 2-26, 2-27, and 2-28 are the basic relationships, with the 
result, as shown above, that for Fig. 2-45 the susceptance is the negative 
reciprocal of the reactance. Since by convention an inductive reactance is 
positive and a capacitive reactance is negative, it follows that inductive suscep- 
tance is negative and capacitive susceptance is positive. However, the oppo- 
site convention (still followed in some textbooks) adopts as basic the proposi- 
tion that both inductive reactance and susceptance are positive (and capacitive 
negative). On this basis, for Fig. 2-46, B= +1/X. This proposition, 
together with Eqs. 2-26 and 2-27, requires that Eq. 2-28 be changed to 
Y=G-—jB. Theexistence of the two different conventions has caused much 
confusion, but it seems likely that the one adopted here will prevail. It is well 
to be aware of both, however, since both may be encountered in the literature. 
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“Equivalent” means that if the same voltage is applied to the termi- 
nals of either circuit, the current that flows at the terminals will be 
exactly the same for both circuits. (Of course, this will in general 
hold—for fixed values of inductance and capacitance—at only one 
frequency.) This equivalence is of great importance and utility in 
impedance-matching calculations. It means that the impedance at 
the input terminals of a transmission line, for example, can be 
regarded as either a series combination or a parallel combination of 
resistance and reactance, whichever happens to be most convenient. 
The equation for the input impedance of a line (Eq. 2-18) can be 
converted, by applying Eq. 2-26 to it, into an equation for the input 
admittance, Y;, of the line, where Y; = 1/Z,. The equation is 


(2-34) 


rie Yo|- + J(Y>/ Y,) tan 7 


(Y,/Y_) + j tan B/ 


The symbol Y, denotes the characteristic admittance of the line, 
which is simply the reciprocal of the characteristic impedance; that 
is, Yo = 1/Z). The symbol Y, denotes the load admittance, which 
is equal to 1/Z, 

The equations for open-circuited and short-circuited lines (Eqs. 
2-24 and 2-25) can also be expressed in terms of the input suscep- 
tances. For the open-circuit termination, the equation correspond- 
ing to Eq. 2-24 is 


B, = Yo tan Bl (2-35) 


and for the short-circuit termination, the equation corresponding to 
Eq. 2-25 is 


B, =. — Yq cotgl (2-36) 


(These equations can be obtained either by making the substitution 
X;, = — 1/B; in Eqs. 2-24 and 2-25, or by letting Y, be zero for the 
open-circuit case and infinite for the short-circuit case in Eq. 2-34.) 


Reflection Coefficient and VSWR. Just as in reflection of electro- 
magnetic waves from a surface (Sec. 1-2), the fraction of the incident- 
wave voltage (or current) reflected from the load end of a line and the 
phase change that occurs in the reflection are described by a reflec- 
tion coefficient, r. It is a complex number, since it describes both a 
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magnitude and a phase angle, and can therefore be expressed in the 
form* 


r = |rje’® = |r\{cos ¢ + jsin 4} (2-37) 


where |r| is the magnitude (modulus) of the complex quantity and ¢ 
is the phase angle. The magnitude of the reflection coefficient is the 
ratio of the amplitudes (or rms values) of the reflected and incident 
voltage (or current): 


= Vow 


— 2-38 
ia ey 


The phase angle is the phase difference between the phases of the 
incident and reflected waves relative to an arbitrary reference phase: 


b=$.- 4, (2-39) 


(Since the phase of the incident wave is the usual reference, ordinarily 
$, = 0, and ¢ = —4,.) 

The reflection coefficient is determined entirely by the relationship 
of the load impedance, Z,, to the characteristic impedance of the 
line, Z). Analysis shows that the relationship is 


Zi, 26. (ZujZ5)e— | 


ack Le (Zee GaAs) 


This is a complex-variable equation, in general, since Z, may be 
complex, or reactive. If Z, is real (resistive) and equal to or larger 
than Z, (assumed also to be real, as it will be for a lossless line), then 
r will be real and positive, which means that r = |r|, and ¢ = 0. 
If Z, is real and smaller than Zo, r will of course again be real, but 
negative. It can be deduced from Eq. 2—37 that this means that ¢ 
is 180° (since cos 180° = —1 and sin 180° = 0). That is, in this case 
r = — |r|. But when Z, is reactive, or complex, ¢ has values other 
than O or 180°, and r is complex. 

The phase relations referred to in the foregoing discussion are 
those of the incident and reflected voltages at the load (i.e., immedi- 
ately before and immediately after reflection). The phases of both 
of these voltages at other points along the line will have other values, 


* For definitions and explanations of the symbols and equations that follow, 
see Appendix A. 
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since the phase of a wave (either in space or on a line or in a wave- 
guide) changes with distance from a reference point in accordance 
with Eqs. 1-2 and 2-3. In Eq. 2-3, the phase angle at an instant of 
time f, at a distance x from the reference point is wt, — Bx + 4, 
(where 4, is the phase angle when t = Oand x = 0). (As previously 
given, w = 27f, where f is the frequency, and B = 2n/A, where A is 
the wavelength.) 

In computing the phase angle the distance x is always measured in 
the direction of travel of the wave, so that x increases in One direction 
for the incident wave and in the other direction for the reflected 
wave. The two phase angles therefore do not have a constant dif- 
ference along the line (as they would if the two phases progressed in 
the same direction along the line). The result is that at some points 
on the line the incident and reflected voltages will be in phase and will 
add, resulting in a voltage maximum Vinay given by 


ore of V oxy a9 V ory (2-41) 


At other points the two voltage waves will be exactly out of phase and 
will therefore subtract, resulting in a voltage minimum V,,;, given by 


Vinin = V oxi a Vow) (2-42) 
the ratio of the maximum to the minimum voltage is called the 
voltage standing wave ratio, VSWR, that is 


ee = V oviy 2p Vow 


min V oviy 7 V ory 


VSWR = (2-43) 
Obviously the VSWR is a number equal to or greater than one. (It 
is equal to one when there is no reflected wave, or Voons O.okFrom 
Eqs. 2-38 and 2-40 it is apparent that VSWR = | when |r| = Oand 
therefore when Z, = Z,.) 

Standing-Wave Patterns. The nature of the standing-wave voltage 
pattern may be found by plotting V(x) as given by Eq. 2-15, for 
given values of Z, and Z)._ However, for this purpose it is more con- 
venient to obtain an equation for the voltage V relative to the voltage 
V,, existing at the load terminals, in terms of distance d measured 
back along the line from these terminals. In manipulating Eq. 2-15 
to obtain such an expression it turns out that both V, and / drop out, 
and a relatively simple formula is obtained: 


Vin) = V,( cos Bd + Ve ae ba) (2-44) 
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The magnitude (modulus) of V(d), in terms of Z;/Z) = R,/Zo 

+ jX,/Zo, with R,/Z) abbreviated to R and X;,/Z, abbreviated to 
) 

\Vd)| 
X ; : R 2 

== V4] [cos Bd + (ae) sin pa a (ax) sin pa | 

(2-45) 


Typical plots of |V(d)| are shown in Fig. 2-5 for a number of values 
of R;/Zo and Xz/Zo: 

Noteworthy features of these plots are the following. (1) The 
maxima are separated by A/2 and the minima are separated by A/2; 
the distance from a minimum to a maximum is A/4. (2) The minima 
are more sharply defined than the maxima; consequently, in making 
standing wave position measurements it is better to measure the 
position of a minimum than the position of a maximum (greater 
accuracy is possible). (3) When a resistive (nonreactive) load has a 
value less than Z,, a voltage minimum is located at the load termi- 
nals. (4) When a purely resistive load has a value greater than Zo, 
a voltage maximum is located at the load terminals. (5) When the 
load is complex (partially or wholly reactive), the voltage at the load 
is neither a minimum nor a maximum. (6) When the load is either 
zero or infinite, the standing-wave ratio is infinite (since Vin, = 0) 
and the minima have the form of cusps. 


Determination of Load Impedance by Standing-Wave Measurement. 
Equation 2-40 indicates that if the reflection coefficient is known, the 
load impedance Z, can be determined. This is shown more explicitly 
by rearranging the equation as follows: 


ipo Zo; 2 ") (2-46) 


The relationship of the magnitude of the reflection coefficient, |r|, to 
the standing-wave ratio VSWR has been shown indirectly through 
Eqs. 2-38 and 2-43. From these equations it may be deduced that 


_ VSWR — 1 


"l= VowR od C3) 
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Thus a measurement of the VSWR* provides one ingredient neces- 
sary for determination of Z,, in accordance with Eq. 2-46. The 
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aan: 
Figure 2-5. Standing-wave voltage patterns for several Z,,/Zo conditions. 


additional ingredient required is of course the phase angle ¢ of Eq. 
2-37. 


* Methods of measurement of this quantity are described in Sec. 8-1. 
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It can be shown that ¢ is related to the distance d,,, which as shown 
in Fig. 2-5 is the distance from the load terminals to the first voltage 
minimum. The relation is 


d = 7 — 2Bdm = n( — | radians 


| 


180( — “| degrees (2-48) 


Therefore, if the two quantities VSWR and d,, are measured, Z, 
can be calculated, through Eqs. 2-46, 2-37, 2-47, and 2-48. More- 
over, Z; can also be calculated through Eq. 2-18, either by first 
calculating Z, or directly by substituting Eq. 2-46 into Eq. 2-18, 
which gives 


(— 
l1—r 


) + jtan pl 
l +A; ie ") tan f/ 


l-—r 
In practical work Eqs. 2-46 and 2-49 are solved (including the inter- 
mediate steps of Eqs. 2-47 and 2-48) by using a Smith Chart, as 
described in Sec. 8-2. 


Attenuation. The results presented thus far have all been based on 
the assumption that the line is lossless, which means that R, in Fig. 
2-3 is zero and R, isinfinite. In real transmission lines these assump- 
tions are of course not perfectly justified; there are some losses. 
When the loss of a line is considerable, even the basic form of the 
transmission line equations is considerably modified. However, 
when the losses are fairly small, as is usually the case, the equations 
that have been given can be used for all purposes except computing 
the power ultimately delivered to the load. This power will be 
slightly less than the power delivered to the line at its input termi- 
nals. The power loss in decibels is given by multiplying the length 
of the line by a decibel attenuation constant. For most manufac- 
tured lines, the value of this constant is published in the manufac- 
turer’s sales literature or elsewhere.* 


* An excellent compendium of this type of information, together with much 
other valuable data on transmission lines, waveguides, antennas, and propa- 
gation, is contained in The Microwave Engineer’s Handbook, published annually 
as an adjunct to The Microwave Journal, by Horizon-House- Microwave, Inc., 
Dedham, Mass. (as of 1966). 
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The attenuation constant can also be expressed in terms of the 
conductor resistance R per unit length and the leakage conductance 
G per unit length. This formula gives the decibel attenuation « per 
unit length of line, for lines that are of the low-loss type: 

R G 

are 7%) 

where Z, is, as usual, the characteristic impedance of the line and Y, 
is the characteristic admittance (=1/Z,). In terms of Fig. 2-3, 
R= R, and G = 1/R,. 

When the line attenuation is appreciable, a more complicated 
formula must be used. ‘‘Appreciable attenuation” is a nebulous 
term, but for practical purposes it may be taken to mean more than 
about one decibel per wavelength of the line, insofar as the validity 
of Eq. 2-50 is concerned. The equations for transmission-line input 
impedance, voltage, and current, Eqs. 2-15 through 2-18 and sub- 
sequent equations derived from them, will not be accurate if the 
total attenuation* of the line (@/) is greater than about a decibel. 
This is because attenuation reduces the amplitude of the reflected 
wave as it travels back toward the line input, and the standing-wave 
ratio consequently diminishes toward the input. If the attenuation 
is great enough the input impedance of the line will be essentially 
equal to the characteristic impedance regardless of the reflection 
coefficient of the load. The standing-wave ratio as calculated from 
Eq. 2-47 will be valid only in the vicinity of the load end of the line. 
Exact equations applicable to lines of high attenuation, analogous 
to Eqs. 2-15 through 2-18, are given in more detailed treatments of 
transmission lines. 


a = 8.686 (2-50) 


2-3. Impedance Matching and Power Division 


In their role as the connecting link between a transmitter and an 
antenna, or between an antenna and a receiver, transmission lines 
affect the efficiency of power transfer. In some cases they may be 


* The total attenuation is given by a/ when there is no standing wave on the 
line. When there is a standing wave, the attenuation is increased. 

t See, for example, E. A. Guillemin, Communication Networks, vol. 2, John 
Wiley and Sons, New York, 1935, or S. Ramo and J. R. Whinnery, Fields and 
Waves in Modern Radio, John Wiley and Sons, New York, 2nd ed., 1953. 
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arranged to apportion a total amount of power among a number of 
loads. Methods of adjusting the line impedance relations to achieve 
optimum results in these functions will now be discussed. 


The Matching Principle. A radio transmitter is in effect a generator 
possessing an internal electromotive force (emf) and an internal 
impedance, which may be complex, that is, Z, = R, +jX,. A 
well-known theorem of a-c circuit theory states that such a generator 
will deliver the maximum possible power to a load whose impedance 
is the complex conjugate of Z,, that is, equal to R, — j Xq. 

The ultimate load for the transmitter is the antenna, but the imme- 
diate load may be the input impedance of the transmission line, 
Z, = R; + jX;. Consequently, in order for the transmitter to deli- 
ver its maximum power output it would seem necessary that R; = R, 
and X, = —X,. 

The value of Z;, as shown by Eq. 2-18, depends on the values of 
Z,, Zo, and /. It would therefore seem possible to choose or adjust 
the values of these quantities to achieve the desired value of Z;. But 
in practice the desired result is not usually accomplished in this way. 
The quantity /, for example, may be determined primarily by the 
necessary separation of the transmitter and antenna and will not be 
independently adjustable. The possible range of values of Zo is 
practically somewhat limited. Moreover, it is usually desired to 
eliminate or minimize standing waves on the line, and this means 
that Z, must be at least approximately equal to Zp. 

Therefore the impedance usually presented at the input terminals 
of the line will be Z; = Z,). An impedance transformer is then in- 
serted between the line input and the transmitter output to transform 
the impedance Z, into the value required for maximum transmitter 
power output, or optimum performance where best operation from 
some standpoint other than maximum power is required. 

The actual load impedance presented by the antenna to the trans- 
mission line output terminals may not be equal to the desired value, 
Z,. Another impedance transformer may be required between the 
load end of the line and the antenna terminals, and this one must 
transform the antenna impedance, Z,, into the value Zp. 

Sometimes these transformers may consist of coupled coils of wire 
or of coil-and-condenser circuits, especially likely at low frequencies. 
At frequencies in the multimegacycle region, however, these 
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transformers often consist of sections of transmission lines in 
various arrangements. Some of the possible arrangements and their 
principles of operation will be described. 

The quarter-wave impedance-inverting transformer has been 
described in Sec. 2-2. Its principle of operation is given by Eq. 2-22. 
It is most useful when the desired transformation ratio is not great 
and can be predicted or determined to be stable, since this type of 
transformer is not easily adjustable. 


Stub Transformers. A type of transmission-line transformer fre- 
quently employed is diagrammed in Fig. 2-6. The principal element 
of this transformer is a short-circuited section of line whose open end 


Short circuit 


Line 
input 


Figure 2-6. Single-stub impedance transformer. 


is connected across the main line at a certain distance, y, from the 
load. This short-circuited branching section is called a stub, or 
sometimes a tuning stub. At its point of connection to the main 
line, P, it is equivalent to a pure reactance, in accordance with Eq. 
2-25. 

The operation of this transformer is analyzed by dissecting the 
line at the point P (figuratively speaking) and considering separately 
the dissected elements, then considering the result of putting them 
back together. As viewed from the point P, the section of the main 
line to the right (toward the load) will present an impedance given 
by Eq. 2-18 with / equal to y. The stub, as viewed from the point P, 
presents a reactance given by Eq. 2-25 with / equal to the stub length 
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s. For simplicity it will be assumed that the characteristic impe- 
dances Z, are the same for all the line sections. 

When these dissected elements are reconnected, they are in paral- 
lel, and they represent, in their combined effect, the load impedance 
Z, of the main line at the point P. But because they are in parallel, 
it is advantageous to calculate their admittances. The sum of these 
admittances will then constitute a load admittance Y, for the main 
line at point P, which can be inserted as Y, into Eq. 2-34. If the 
objective is to present a matched load to the main line at point P, 
however, the requirement is simply to make the combined admit- 
tances of the stub and the load section PO equal to Yo = 1/Zp. 

It can be shown that for some length y the admittance of the line 
section PQ will consist of a conductance G, and a susceptance B, 
such that G, = Yo. The necessary length to achieve this result may 
be calculated from Eq. 2-34, or it may be determined more speedily 
using a Smith Chart (Sec. 8-2). The problem then is simply to 
eliminate the susceptance B, without changing the conductance 
GY ers 

If the susceptance of the stub is B,, the total admittance of the 
parallel combination at P is 


Po Gy Byer pe, (2-51) 

If now it can be arranged that B, = — B,, these two susceptances in 
Eq. 2-59 will cancel each other, leaving 

Ye Gu le (2-52) 


This admittance presents a matched load to the main line at point P, 
and so there will be no standing wave to the left of this point, that is, 
between point P and the line input. This is the desired result. 

The susceptance of the stub, B,, is computed from Eq. 2-36. By 
making s a suitable length, it is demonstrable that any needed value 
of B, can be achieved. Therefore, if the two lengths y and s can be 
varied at will, the desired transformation of impedance can be 
achieved. In practice the position and length of the stub are roughly 
determined by Smith Chart calculations based on standing-wave 
measurements. Then the lengths are experimentally adjusted to 
minimize the standing wave ratio (VSWR) on the main line. 

When it is not practical or advisable to provide a movable stub 
(one for which the distance y can be varied), the same result can be 
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accomplished by means of two fixed-position stubs separated a 
suitable distance, usually between one-fourth and three-eighths of a 
wavelength. The analysis of the impedance transformation proceeds 
on the same principles, though it is of course somewhat more in- 
volved. 


Power Dividers. For many purposes, particularly in array antennas, 
it is necessary to divide the power from a single transmitter among 
two or more loads. The simplest case of two loads will be consi- 
dered first. 

If the total transmitter power is first fed into a single transmission 
line, this line may then be “‘branched”’ into two lines, as shown in 


Main line 


Line 
input 
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Figure 2-7. Parallel branching transmission lines. 


Fig. 2-7. Again, since the branches are in parallel, it is advan- 
tageous to work with the admittances. The net load admittance 
presented to the main line at the branch point will be the sum of the 
two branch-line admittances, Y, and Y,. It will usually be desired 
to make this sum equal to the characteristic admittance Your) of 
the main line. The requirement is simply 


Foam = 24 + Ye (2-53) 


If each branch line is terminated in its own characteristic admittance, 
Yocay and Yog), as will usually be true, then of course Y, and Y, will 
be equal to the characteristic values. 

Since the branch lines are in parallel, the voltage applied to each 
of them at the junction point is the same and is equal to the voltage 
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output of the main line, Vy. Therefore, the power delivered to each 
branch is 


Pies Ge (2-54) 
Pe = Vie OF (2-55) 

and the total power is 
Pooies Pa a Pe oar (Ga Ge) (2-56) 


and G, and G, are the conductance components of the admittances 
Y, and Y,. These equations establish the power-division property 
of the junction. That is, the fraction of the total power delivered 
to each branch will be 

ea Gy 
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If each branch line is assumed to be terminated in its characteristic 
admittance, since these admittances are real for lossless lines, the 
conductances G, and Gz will simply be equal to Yo.4) and Yo) res- 
pectively. If, in addition, it is desired that the main line be termi- 
nated in its characteristic admittance at the junction, the require- 
ment is 


You = You + You) = Ga + Gp (2-57) 
For this case Eqs. (2-57) and (2-58) become 


jis Yo) (2-60) 
Youu) 

aes Yow) (2-61) 
Youn 


It would be possible to divide the power at a junction among more 
than two branching lines. The analysis of the power division would 
be a simple extension of the foregoing analysis; the fraction of power 
delivered to each branch would be equal to the conductance com- 
ponent of the input admittance of that branch, divided by the sum of 
the conductances of all the branches. The conductances in the usual 
cases would be equal to the characteristic admittances of the branches. 
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It is not customary to divide power in this way, however, partly 
because the required characteristic impedances of the branch lines 
become impractically large and partly because there are mechanical 
construction difficulties, especially with lines of the coaxial type. 
When multiple power division is required, it is more common to 
employ one of the successively branching line structures shown 
schematically in Fig. 2-8. In these diagrams the two conductors of 
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Figure 2-8. Alternative arrangements for division of power among multiple 
loads. 


the lines are shown as single lines, for the purpose is solely to show 
the branching arrangements. 

In each of these arrangements the ultimate power division is 
accomplished by a number of successive two-branch divisions. The 
required division of the total power to the ultimate loads results in a 
system of simple simultaneous equations for the division ratio 
required at each branch; this ratio is then achieved by the method 
that has been described. Although eight loads are shown in Fig. 2-8, 
the methods are not restricted to this number. 
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In addition to the power-division requirement, it may also be 
required that the voltages and currents have the same phase at each 
load. This is readily achieved in the arrangement of Fig. 2-8a, by 
keeping the lengths of the parallel branches equal. In Fig. 2-85 it 
would be necessary to make the lengths denoted by d equal to a 
wavelength or an integral number of wavelengths; or d may be a half 
wavelength if the line is of the two-wire balanced type and if the line 
is “turned over” in each half-wavelength interval to reverse the 
polarity of the voltage. (This cannot be done, of course, with a 
coaxial or other unbalanced line type.) 

It may also be necessary to have stepdown impedance transformers 
in the branch lines to keep the characteristic impedances required in 
the successive branches from building up to too high a value; in 
short, there are numerous practical problems. Here the purpose 
has been primarily to present basic principles. 

It is possible also to have two lines branching with a series con- 
nection instead of parallel, although such an arrangement is less 
common. The analysis would be made in a similar way, except that 
it would be more convenient to work with the impedances than with 
the admittances. 


2-4. Forms of Transmission Lines 


Two-conductor transmission lines of the type thus far discussed 
may take a number of physical forms. The principal forms are: 
(1) two-wire balanced lines; (2) coaxial (unbalanced) lines; (3) paral- 
lel-plate or “strip” lines (balanced or unbalanced). Examples of 
these forms are shown in Fig. 2-9. 

Each of these forms has its advantages and disadvantages. The 
two-wire line, which is usually cheaper, may be fabricated from 
readily available components (e.g., ordinary wire). Also it is 
balanced with respect to the ground and may therefore be used to 
connect directly to balanced antennas. A disadvantage is that some 
radiation may occur, in the manner discussed in Chapter 1 in con- 
nection with Fig. 1-11. As long as the spacing of the wires, s, is 
small compared to a wavelength, the radiation will be negligible; 
but at extremely high frequencies (short wavelengths) this condition 
may not be fulfilled, and appreciable radiation may result. This is 
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of course undesirable, as radiation from the transmission line does 
not usually have the desired directional and polarization charac- 
teristics. It represents wasted power, at best, and at worst it may do 
harm by its presence in undesired locations. 

Coaxial lines confine the fields entirely to the space between the 
inner and outer concentric conductors; therefore there is no radiation 
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Figure 2-9. Perspective sketches and transverse sections of two-wire, coaxial 
and strip transmission lines. 


Strip line 


problem. Being unbalanced, these lines require special balanced-to- 
unbalanced transformers (called ‘‘baluns”’) to connect them to any 
balanced source or load. However, sources and loads are in some 
cases unbalanced, so that the unbalanced character of the line is as 
often an advantage as a disadvantage. Coaxial lines have the advan- 
tage of permitting the interior to be completely sealed against 
weather and contamination. The internal space may be pressurized 
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to increase voltage breakdown and to resist intrusion of moisture. 
Some coaxial lines are made with a flexible braid outer conductor 
and flexible solid-dielectric material between the conductors. Such 
lines are flexible and compact and find many uses at low and inter- 
mediate power levels. For very high-power transmitting applica- 
tions, coaxial lines employ solid copper pipe, with outer-conductor 
diameters up to 9 or more inches. 

The strip line is a modification of the two-wire line in which the 
flat faces of the adjacent conductor surfaces are wider than the 
spacing between the conductors. Accordingly the field is virtually 
confined to the space between the conductors, and there is very little 
radiation. The two strips may be alike (balanced), or one of them 
may be a large flat (grounded) plate. Often a solid dielectric material 
is used as a spacing material. It is especially convenient for some 
purposes, usually at low power levels. 


Characteristic Impedances. The characteristic impedances of these 
line types may be calculated from the transverse-section geometry. 
For the two-wire line the formula is 


276 2s 
= aise. (3) Oni 2-62 
Tae g (2-62) 


d 
where s and d are the center-to-center conductor spacing and the con- 
ductor diameter respectively, as shown in Fig. 2-9. K is the dielec- 
tric constant of the medium between and around the conductors 
(K = 1 for air or vacuum). Typical values of Z, for two-wire lines 
range from about 200 to 800 ohms. 
For a coaxial line the characteristic impedance is given by 
138 b 
Zo Vas log (7) ohms (2-63) 
with 5 the inner diameter of the outer conductor and a the outer 
diameter of the inner conductor. XK is the dielectric constant of the 
material between the conductors. Typical values range from about 
20 to 100 ohms. 
For the strip line the following formula is good as long as the 
dimension 6 (Fig. 2-9) is much smaller than the dimension a: 


Zo 


SID 
Lo = wT (=) ohms (2-64) 
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The typical range of characteristic impedances is about the same as 
for coaxial lines. 

Numerous variations of these basic forms are sometimes used ; 
however, there is a practical upper-frequency limit for any given 
type of line. Usually the limit is set either by the losses in dielectric 
material or by the spacing of the conductors in relation to the wave- 
length. When this spacing is an appreciable fraction of a wave- 
length, the open-wire lines will radiate excessively. Coaxial and 
strip lines will act like waveguides, as will be discussed in Sec. 2-5, if 
the conductor spacing becomes comparable to or greater than a half 
wavelength. 

A basic property assumed for all the lines discussed is uniformity, 
that is, constant spacings and conductor diameters. At joints, 
elbow turns, couplings, and so forth, there may be discontinuities 
that cause reflections that can be troublesome if care is not taken to 
minimize them. For broad-band impedance-transforming appli- 
cations deliberately nonuniform tapered lines are used. These 
lines have a characteristic impedance that changes as the conductor 
diameters and spacings change, so that a gradual impedance trans- 
formation takes place. 


2-5. Waveguides 


At frequencies too high for successful operation of conventional 
transmission lines, rf power may be transmitted by means of wave- 
guides. A waveguide in its commonest form is a hollow pipe, 
sometimes circular but more often rectangular in cross section, and 
occasionally of some other form. The dimensions of the cross sec- 
tion are such that an electromagnetic wave can propagate in the 
interior of the guide. Being confined by the walls of the guide, the 
field does not spread spherically as it would in free space, so there is 
no inverse-square-law decrease of the power density. There is some 
attenuation due to currents in the walls, but generally this loss is less 
than in a coaxial line of comparable size. Moreover, since no 
insulating supports are required, there is virtually no “‘leakage”’ loss 
and less tendency to flashover at high voltages. 

Obviously the analysis of waveguide behavior must be made in 
terms of electromagnetic field concepts rather than in terms of an 
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equivalent-circuit representation. The starting point is Maxwell’s 
equations, and their solution requires advanced mathematical 
methods. Yet the results are that waveguides behave essentially 
like the conventional transmission lines that have been described, 
although there are some important differences. With certain modi- 
fications the transmission-line equations, Eqs. 2-15 through 2-18, 
and various results derived from them are applicable. 


Phase and Group Velocities. \n transmission lines the wave velocity 
is independent of the frequency, and for air or vacuum dielectrics the 
velocity is equal to the velocity of free-space waves, 3 x 10® meters 
per second. But in wave guides the velocity varies with the fre- 
quency. Moreover, it is necessary to distinguish between two con- 
cepts of wave velocity, the phase velocity and the group velocity. 

The phase velocity is the apparent velocity of a particular phase of 
the wave, for example, a crest, or electric-intensity maximum or 
minimum. The basic method of determining this velocity is to make 
a measurement of the wavelength, A. This may be done, for example, 
by setting up a standing wave and measuring the separation of two 
minima (see Fig. 2-5). The frequency f being known, the phase 
velocity may then be calculated by an inversion of Eq. 2-1. 


Upn = fA (2-65) 


The other concept of velocity may be understood by considering a 
pulse of radio waves, of the type used in radar. If such a pulse of 
waves is propagated in a waveguide, its velocity can be measured by 
standard radar timing techniques. For example, the pulse might be 
transmitted through a long guide of length /, then reflected back to 
the sending end, and the elapsed time ¢ might be measured. The 
velocity of the pulse (group velocity) is given by the formula 

tee = (2-66) 
(The factor 2 occurs because the total distance traveled is twice the 
length of the guide.) 

If these two measurements are made at the same frequency in a 
waveguide, it will be found that in general the two velocities are not 
the same. At some frequencies they will be nearly the same; at 
others they will be considerably different. The distinction between 
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these two velocities was not necessary for transmission lines because 
in conventional lines the group and the phase velocities are equal. 

To explain why these velocities are different in waveguides requires 
a detailed analysis, which cannot be given here. It must suffice to 
define them and to state, at appropriate points, which velocity is 
meant. Unless otherwise stated, the phase velocity will always be 
meant; it is the one of importance whenever considerations of wave- 
length are involved. Yet obviously the group velocity is also of 
great importance in other applications—radar signal transmission, 
for example. In general it is the velocity at which signals of any 
kind—that is, intelligence—are propagated; it is also the velocity at 
which energy is propagated. 

The phase velocity is always either equal to or greater than the 
group velocity. The following relationship holds between them in 
evacuated or gas-filled waveguides: 


(Upn)(Vgr) = ¢? = 9 x 106 (meters per second)? (2-67) 


That is, the product of the two velocities is equal to the square of the 
free-space propagation velocity, 3 x 10° meters per second. This 
means that V,, is always greater than the free-space velocity and 
Vg, 1s always less, unless both are equal to c. 

It is a principle of modern physics that no form of matter or energy 
can travel with a velocity greater than the free-space velocity of light 
(electromagnetic waves). However, this principle is not violated by 
phase velocities, because it is the group velocity that represents the 
velocity of propagation of energy. 

Since the phase velocity in waveguide is greater than the velocity 
in free space, the wavelength at a given frequency will be greater in 
the guide than in free space. Using the conventional symbol c for 
the velocity in free space, the relationship of the wavelength in the 
guide, A,, to the wavelength in free space, Ao, is: 


C 


re ro( 2) (2-68) 
The distinction between the guide wavelength and the free-space 
wavelength is an important principle of waveguide theory. 


Cutoff Frequency. Whereas transmission lines of the conventional 
type cannot be operated practically above some maximum frequency, 
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waveguides are characterized by a minimum frequency, the cutoff 
frequency f,. This is an absolutely limiting frequency; frequencies 
below this value will not be propagated in the guide. It is deter- 
mined by the cross-sectional dimensions of the guide in relation to 
the wavelength. 

A relationship exists between the guide-wavelength A, at a particu- 
lar frequency f and the cutoff frequency f,: 


eens 
Vfl =fe 


where c is the free-space propagation velocity. This can also be 
written in another form: 


(2-69) 


= eibalarica Sno 
EVIE 


Comparison of this equation with Eq. 2-68 shows that the phase 
velocity is given by 


(2-70) 


ee o( 2) = Aa (2-71) 


It is evident from this expression that if f becomes less than f,, the 
phase velocity becomes imaginary (in the complex-number sense); 
physically this means that the wave is not propagated. Equations 
2-69 and 2-71 also show that as the frequency f approaches the cutoff 
frequency f,, the phase velocity and the guide wavelength become 
infinite. Consequently, the group velocity tends to zero, according 
to Eq. 2-67. 

The foregoing results have all presupposed that the waveguide is 
filled with air (or a vacuum) or any gas having virtual unity dielec- 
tric constant. Waveguides are seldom filled with solid material, but, 
if such a guide were to be used, the foregoing equations still hold if c 


is replaced by c/V K, where K is the dielectric constant of the material 
in the guide. 


Rectangular Waveguides. The commonest form of waveguide has a 
rectangular cross section, as illustrated in Fig. 2-10. The greater 
of the two transverse dimensions is customarily denoted by a, and 


— 
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the lesser dimension by 6. The dimension a determines the cutoff 
frequency f,, according to the relation: 


: Cc 
f= (2-72) 
or 
NOY (73) 


where A, is the cutoff wavelength. (It is to be noted that the cutoff 
wavelength is a free-space wavelength.) This relation states that 
cutoff occurs at the frequency for which the largest transverse 
dimension of the guide is exactly a half wavelength in free space. 


eae 


Figure 2-10. Rectangular waveguide. 


Modes of Propagation. At frequencies slightly above the cutoff fre- 
quency the configuration of the electromagnetic field is schematically 
represented in Fig. 2-11. The electric field (E) vectors, as shown, 
are parallel and are perpendicular to the wide face of the guide. 
Their amplitude is greatest midway between the narrow walls and 
decreases to zero at these walls, in a cosinusoidal fashion. The 
magnetic field (H) vectors, shown dashed, are also parallel to each 
other and perpendicular to the electric vectors. The magnetic inten- 
sity is constant in the vertical direction across the guide section. 
The wave is propagating in the longitudinal direction of the guide, 
perpendicular to the E and H vectors. This particular arrangement 
field, the only possible one just above the cutoff frequency, is called 
the TE;, mode of propagation. The letters stand for transverse- 
electric, meaning that the electric field lines are everywhere trans- 
verse (perpendicular to the guide walls). Transverse-magnetic (TM) 
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modes and transverse-electric-magnetic (TEM) modes may also be 
propagated under certain conditions. 

In this particular view of the TE, field, Fig. 2-11, the magnetic 
lines are also transverse; but this is not true for all views. As viewed 
in a longitudinal plane of the guide, the magnetic field is seen to have 
longitudinal components, but the electric field does not. Figure 
2-12 shows a longitudinal section parallel to the wide guide wall, in 
which the magnetic field lines only are shown to illustrate this point. 

The subscript numerals 10 refer to the number of half-sinusoid 


Direction of 
propagation 
of wave 


Figure 2-11. Electric and magnetic field vectors in a transverse plane, TE; 
propagation mode. 


cycles in the transverse electric field pattern parallel to the a and b 
cross-section dimensions, respectively. 

At frequencies well above the cutoff frequency, higher-order TE 
modes of propagation, with more complicated field configurations, 
are possible. It is undesirable to operate a guide at a frequency at 
which these higher modes can propagate. The next higher mode 
can be sustained by the guide when the free-space wavelength is 
equal to a, that is, at just twice the cutoff frequency. Therefore a 
rectangular guide is usually operated within the frequency range 
between f, and 2f,. Allowing higher modes to propagate is unde- 
sirable because they will not be properly coupled to the load, and 
therefore reflections and standing waves will be set up, causing 
losses. The equations and discussion, therefore, are based on the 


a 
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assumption of TE, -mode operation in rectangular guide unless 
otherwise stated, at frequencies between ycand oft, 


Impedance in Waveguides. For waveguides a characteristic wave 
impedance is defined, analogous to the characteristic impedance of a 
conventional transmission line. It is also Closely related to the 
concept of wave impedance in free space, which was shown in 
Chapter 1 (Eq. 1-8), to be 377 (or more accurately, 1207) ohms. At 
frequencies well above cutoff, the guide characteristic impedance will 
also have this value, but more generally it is given by the expression 


377 ry 
as = V1 — (ify = 377( 5) ohms (2-74) 


Figure 2-12. Magnetic field configuration in a longitudinal section parallel 
to wide face, TE;, mode. 


In general Z, is greater than 377 ohms. At the cutoff frequency f. 
it becomes infinite, and at f = 2f, it has the value 435 ohms, as found 
from Eq. 2-74. 

The quantity Z, has the same general significance for waveguide as 
does the characteristic impedance Z, for ordinary transmission lines, 
but there are certain exceptions to this statement. As shown (see 
Fig. 2-10) by Eq. 2-72, f, is determined by only the dimension a. 
Therefore two waveguides with the same a dimension and different 
b dimensions will have the same value of Jf, and also the same value 
of Z,. But if these two waveguides are joined together end to end, 
so that a wave propagating in one of them passes through the junc- 
tion into the other, a reflection will be set up at this point due to the 
disparity of dimensions, in spite of the impedances being ‘‘ matched.” 

But for constant guide dimensions and a single mode of propa- 
gation, the characteristic wave impedance of the guide, Z,, has the 
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same significance as the characteristic impedance of a two-conductor 
transmission line, with respect to reflection and standing waves. 
The same principles of impedance matching and transformation 
apply, and the transmission-line equations, 2-15 through 2-18 and 
beyond, can be used provided that the guide wavelength, A,, is used 
in calculating 8 (Eq. 1-32). 


Impedance Matching in Waveguides. Just as reactive stubs are used 
for impedance transforming and matching in transmission lines, 
various reactive devices are used in waveguides. Short-circuited 
waveguide stubs may be emploved in the manner described for trans- 
mission-line stubs. Reactance may also be introduced into wave- 


Inductive Capacitive 


Figure 2-13. Inductive and capacitive irises (as they would appear if the 
waveguide walls were transparent). 


guides by means of irises, posts, and tuning screws. Their roles in 
impedance transformation and matching are the same as were 
described for the transmission-line tuning stub of Fig. 2-6; that is, 
the correct position of the reactance with respect to the load and the 
amount of reactance (susceptance) needed are determined in the 
same way. 

Figure 2-13 illustrates capacitive and inductive irises in a rectan- 
gular waveguide. They behave like susceptances, that is, shunt 
reactances. As shown, they consist of thin metallic plates perpen- 
dicular to the guide walls and joined to them at the edges, with an 
opening between them. When the opening is parallel to the narrow 
walls of the guide, the susceptance is inductive; when it is parallel to 
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the wide walls, it is capacitive. The amount of the susceptance is 
determined by the size of the opening. Many variations of these 
configurations may be used, for example, an unsymmetrical iris or a 
unilateral one. 

A post placed across the narrow dimension of the guide acts as an 
inductive shunt susceptance, of a value depending on its diameter and 
its position in the transverse plane. A tuning screw projecting part 
way across the narrow guide dimension acts like a Capacitive suscep- 
tance and may be made adjustable. These devices are illustrated in 
Fig. 2-14. 


<7 —__ > 


Figure 2-14. Post and tuning screw in waveguide. 


Transmission-Line-to-Waveguide Coupling. It is frequently neces- 
sary to transfer power from a coaxial transmission line into a wave- 
guide, and vice versa. This is accomplished by means of any one of 
several coupling devices such as those illustrated in Fig. 2-15. 

These couplers may be used as wave launchers at the input end of 
a waveguide, or as wave receptors at the load end, the operation in 
the one case being the reverse of the other. The various dimensions 
labeled 4/4 are approximate; in practice, they are experimentally 
adjusted for best operation. Note, however, that sometimes the 
approximate dimension is \,/4 and in others X,/4. The couplers 
illustrated are representative of the methods that may be employed; 
there are many variations of them in use. 
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Waveguide Junctions. Waveguides can be joined in various ways to 
result in power division among two or more branches. The two 
basic forms of junction are illustrated in Fig. 2-16. The analysis 
of the impedance relations for these junctions is complicated. In 
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Figure 2-15. Coaxial-line-to-waveguide couplers. 


practice it is usual to employ manufactured junctions designed for a 
particular frequency range. 

Numerous special forms of waveguide multiple-branching couplers 
for special purposes have been developed, too numerous to describe 
here. The magic-T is perhaps the best known of them. 
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Other Forms of Waveguide. Rectangular guide, as mentioned in 
this section (Fig. 2-10), is the most commonly used, but other forms 
are sometimes employed for special purposes. Circular guide, as 
the name implies, is simply a round pipe. As might be surmised, 
the field configurations are appreciably different from those in 
rectangular guide. 

A coaxial transmission line can be operated as a waveguide at 
frequencies above the range in which ordinary transmission-line 
operation is possible. The field configuration is appreciably dif- 
ferent from configurations that exist in ordinary transmission-line 


Transmission line analogs 
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Figure 2-16. Series and shunt waveguide junctions and their transmission-line 
analogs. 


operation. Other forms used for special purposes are ridge wave- 
guide and trough waveguide. Dielectric rods may also function as 
waveguides. The possibilities are almost endless, and the subject of 
waveguide theory and practice is a vast one. Here only a brief 
introduction to the basic ideas has been given. 


2-6. Hybrid and Directional Couplers 


In the transmission-line systems associated with antennas it is 
frequently necessary to employ coupling devices that have special 
power division and directional properties. These properties may be 
obtained with properly combined sections of ordinary balanced-two- 
wire or coaxial transmission line and with waveguide. The resulting 
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assemblies of line sections are called directional couplers, of which 
hybrid couplers comprise an important special class. 

A section of ordinary transmission line is an example of what is 
called a two-port in circuit theory. It has an input port and an output 
port, although the two are ordinarily interchangeable. In a sense 
each of the two ports may simultaneously perform input and output 
roles (as when reflections at the “output” end cause a reflected wave 
to travel back toward the input end). 

A port in circuit theory is, speaking somewhat loosely, a physical 
place of access to a system or device. In ordinary low-frequency 
circuits it corresponds to a pair of terminals, as it does also in 
balanced-two-wire and coaxial transmission lines. In closed-wall 
waveguides and waveguide devices a port is often simply an opening 
through which electromagnetic fields may be introduced into or exit 
from the internal space of the guide. Sometimes a given port may 
serve as either an input port or an output port, at the will of the user, 
or it may serve simultaneously as both. (Additional qualifications 
on the definition of a port are necessary when it applies to multiple- 
frequency-response devices, such as heterodyne mixers, and to multi- 
mode devices, such as waveguides, but they are not of concern in the 
present discussion.) 

Hybrid and directional couplers are four-port devices. Figure 
2-17 is a schematic representation of a four-port coupler, with the 
ports shown as terminal pairs, though restriction to this type of port 
isnotimplied. The essential feature of any four-port is that if power 
is fed into any one of the ports, some fraction of it may exit via each 
of the remaining three ports. If the device is passive and lossless, 
these fractions must of course add up to unity. (“‘Passive’’ means 
that the device does not contain any internal sources of power, such 
as oscillators or amplifiers.) The couplers to be discussed are pas- 
sive, and for the purposes of discussion will be assumed lossless. 
(They are ordinarily nearly so.) 

The feature of hybrid and directional couplers that distinguishes 
them from other four-ports is that one of the three “‘output”’ ports 
is decoupled from the input port, so that the fraction of input power 
available from it is virtually zero; moreover, the four ports are thus 
decoupled in pairs. For example, if port 1 of Fig. 2-17 is taken as 
the input port, all the output may appear at ports 3 and 4, and none 
at port 2. If then port 2 is taken as the input port, it will be found 
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that again all the power appears at ports 3 and 4, with none going to 
port 1. Ports 1 and 2 thus comprise a pair of decoupled ports; 
ports 3 and 4 are similarly decoupled from each other. 

In terms of this particular pairing, if port | is the input, a hybrid 
coupler divides the input power equally between ports 3 and 4, with 
none going to port 2. A directional coupler, on the other hand, 
divides the input power unequally, with (say) most of it going to port 
3, a small fraction to port 4, and none to port 2. If, however, port 
2 is taken as the input, the larger fraction will go to port 4, a small 
fraction to port 3, and none to port 1. 

In the preceding example, if 1% (1/ 100) of the input power at port 
1 goes to port 4, with 99% to port 3, the coupler is said to have a 
coupling factor of 20 db (since 10 log 1 /100 = —20). If the frac- 
tions are 0.1 and 99.97, the coupling factor is 30 db. A hybrid 


Coupler 


Figure 2-17. A four-port coupler. 


coupler is therefore actually a 3-db directional coupler, but the term 
directional coupler is ordinarily reserved for couplers that divide the 
power unequally. 

Hybrid couplers are used when power from a source is to be 
equally divided between two output ports, when these ports are 
required to be decoupled from each other. (The decoupling feature 
is not provided by the ordinary power dividers discussed in Sec. 
2-3.) They are also used when power from two sources is to be fed 
simultaneously to a load or loads and the sources must be decoupled 
from each other (so that there will not be an exchange of power 
between them). In this case the two sources are connected to a 
decoupled pair of ports, and the division of power between the 
remaining ports depends on the relative phasing of the source voltages 
as well as on the design of the coupler. With proper coupler design 
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the output voltage at one of the output ports will be proportional to 
the sum (in the phasor sense) of the two input voltages, and the out- 
put from the other will be proportional to their difference. This 
fact has an important application in simultaneous lobing antenna 
systems, which are discussed in Sec. 7-6. 

Figure 2-18 is a diagram of a ring type of hybrid coupler that 
exhibits the properties just described. The ports are numbered to 
conform to the description of behavior previously given, that is, 
ports 1 and 2 are a decoupled pair, as are also ports 3 and 4. If all 
the ports are properly impedance-matched, power fed into port 1 will 
provide equally divided outputs at ports 3 and 4, and none at port 2. 


\/4 /4 


Port 1 Port 4 


3/4 
Figure 2-18. Hybrid ring coupler. 


This result is due to the lengths of the ring sections between the ports. 
The input at port 1 divides and goes both ways around thering. The 
path differences of the two routes determine whether or not a voltage 
will exist across the terminal pair of a particular port. Since the 
path differences to ports 3 and 4 are respectively a full wavelength 
and zero, the voltage waves at these points are in phase and therefore 
add. At port 2, however, the path difference is a half wavelength; 
hence the oppositely traveling voltage waves are out of phase and 
cancel. This behavior occurs of course only at the frequency for 
which the ring sections have the lengths indicated, or odd-integer 
multiples of them. The ring couplers, however, will perform 
reasonably well over a small range of frequencies near the correct 
frequency. The ring may be two-wire balanced line, coaxial line, or 
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waveguide. (The line sections need not actually form a ring as long 
as they are of the correct length.) Other methods of achieving this 
type of coupler action also exist, and some of them perform ade- 
quately over a broader frequency range than the ring coupler, at the 
expense of more complicated structure. 

With input at port 1, the equal outputs at ports 3 and 4 will be out 
of phase with each other. If they are required to be in phase, as 
they may be in particular antenna applications, port 3 can be used 
as the input port; then equal in-phase outputs will be obtained at 
ports | and 2, with no output at port 4. Alternatively, port 2 can be 
used as the input port. 

In a directional coupler there are in a sense two parallel channels, 
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Figure 2-19. Coaxial-line directional coupler. 


with “strong” bidirectional coupling between the ports of a given 
channel and weak unidirectional coupling between the channels. 
The description of directional-coupling behavior that has been given 
for Fig. 2-17 considers ports 1 and 3 to comprise one channel and 
ports 2 and 4 the other. The coupler is directional in the sense that 
if a particular port is considered an output port with respect to both 
ports of the other channel (main channel), it is apparent that output 
will occur when power flows one way in this main channel, but 
practically no output will occur when it flows the other way. The 
ratio of these outputs for equal power flow in the two directions of the 
main channel is called the directivity factor. A typical value is 40 db. 

Figure 2-19 shows one form of directional coupler using coaxial 
line sections. The coupling between the two channels is by means 
by a short loop of the inner conductor of the 2-4 channel projecting 
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into the interconductor space of the 1-3 channel. The plane of the 
loop is parallel to the inner conductor of the line into which it pro- 
jects. It couples to both the electric and the magnetic field com- 
ponents in such a way that the currents that each type of field induces 
reinforce in the coupler branch leading to port 2 and cancel in the 
branch leading to port 4 (when the flow in the 1-3 channel is from 
port 1 to port 3). Many other coupling mechanisms exist for 
achieving a similar result. 

In practice, directional couplers are often constructed with a 
matched-load termination on one port, such as port 4 in the above 
example, and only ports 1, 2, and 3 are made accessible. Then 
when there is a reflected wave in the 1-3 channel, which results in an 
output to port 4, the power thus received is absorbed in the load. 
(Otherwise it could be reflected and reach port 2, which would be 
harmful to the intended operation of the coupler.) Thus it might be 
considered that the coupler is not virtually lossless, as assumed. 
However, this load, though “‘ built in,” is not truly a part of the coup- 
ler itself, so that it does not invalidate the assumption of losslessness. 

The principal uses of directional couplers in antenna applications 
are for measurement and monitoring of the power flow and the 
VSWR, as discussed in Sec. 8-1. 


PROBLEMS AND EXERCISES 


1. In Eq. 2-3, the indicated parameters have the following values: 


Vee slavolt 

2nf = 6.28 x 108 radians per second (f = 10° cps) 
P=) <7 10> second 

B = 2n/A = 2.09 radians per meter (A = 3 meters) 

@ = 5.02 radians 


W 


Calculate V for values of x from 0 to 3 meters at intervals of 0.2 meter, 
that is, at 0, 0.2, 0.4,..., 2.6, 2.8, and 3.0 meters (a total of 16 values). 
(Note: Radians may be converted to degrees by multiplying by 57.3.) 
Make a plot of the resulting values of V as a function of x, on rectangu- 
lar-coordinate graph paper, with V as ordinate and x as abscissa. This 
plot shows how the instantaneous rf voltage varies with distance along 
the line at a particular instant of time. 

2. A transmission line has an inductance L = 9.99 x 1077 henry 
per meter of length and a capacitance between the conductors of 
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C = 1.11 x 10~*? farad per meter. (a) What is the characteristic 
impedance, Z)? (b) What is the velocity of propagation, v? 

3. An air-dielectric transmission line has a characteristic impedance 
Zo = 50 ohms, and length / = 25 meters. It is being operated at a 
frequency f = 7.5 Mc (7.5 x 10% cps). The wavelength is therefore 
A = 40 meters (from Eq. 2-1). An impedance consisting of 25 ohms 
resistance in series with 30 ohms inductive reactance is connected at the 
load end of the line (Z, = 20 + 730 ohms). A voltage V; = 100 volts 
rms is applied at the input end of the line. (a) What is the rms current 
at a distance x = 12 meters from the line input terminals? (b) What is 
its phase angle relative to the phase of the input voltage? (Use Eq. 
2-16.) 

4. An antenna is to be fed from a transmitter by a line of characteristic 
impedance Zp = 500 ohms. The line is several wavelengths long, and 
it is desired to have no standing waves (VSWR = 1). The impedance 
presented by the antenna at its input terminals is 80 ohms, purely resis- 
tive. Therefore a quarter-wavelength section of different characteristic 
impedance is inserted between the end of the 500-ohm line and the an- 
tenna terminals. What must the characteristic impedance of this 
quarter-wave-transformer section be in order to have no standing wave 
on the 500-ohm line? 

5. A section of transmission line of length / = 0.2 A and of charac- 
teristic impedance Z,) = 70 ohms is short-circuited at the ‘‘load”’ end. 
(a) At its input end, what is the impedance? (b) If the frequency is 
10” cps, what inductance must a coil have in order to have this reactance 
value? 

6. By measuring the rf voltage amplitude along a line with voltmeter, 
it is found that the voltage standing wave ratio (VSWR) is 4. (a) What 
is the magnitude of the reflection coefficient of the load, |r|? (b) If the 
characteristic impedance of the line is 600 ohms, and the load is known to 
be purely resistive and to have a value greater than 600 ohms, what is its 
resistance ? 

7. If in Problem 6 the load is not purely resistive, suppose that it is 
found (by sliding the voltmeter along the line) that a voltage minimum 
exists at a distance d,, = (5/24) A from the load terminals. (The 
VSWR is still 4.) (a) What is the (complex) reflection coefficient, r? 
(b) What is the value of the load impedance, Z,? (Use Eq. 2-46.) 

8. The conductors of a transmission line have a series resistance of 
0.01 ohm per meter of line and a leakage conductance of 10~° mho per 
meter. (a) What is the attenuation, in decibels, of a 1000-meter length 
of this line, assuming that Z) = 50 ohms and that the wavelength is less 
than 10 meters? (b) If a transmitter delivers 1000 watts of rf power 
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at the input terminals of this line, and if an antenna connected at the 
load terminals has a nonreactive impedance equal to the characteristic 
impedance of the line, how much power is delivered to the antenna? 

9. A low-loss transmission line system connects a single source of 
power to eight loads in the manner of Fig. 2-8a. The loads are resistive 
(nonreactive) and are each 400 ohms in value. If the power divides 
equally at each branch point of the system, and if all line sections are 
completely free of standing waves, what must the characteristic impe- 
dance of the input line be? (Assume that no impedance transformers 
are used, so that the impedance (admittance) presented at each branch 
point depends solely on the characteristic impedances (admittances) of 
the branching lines.) 

10. A rectangular air-filled waveguide has lateral dimensions a = 7.2 
cm, b = 3.4 cm. (a) What is the cutoff frequency, f.? (b) At an 
operating frequency of f = 3 x 10° cps, for which the free-space wave- 
length is Ap = 10 cm, what is the guide wavelength, A,? (Note that the 
guide dimensions and free-space wavelength are given in centimeters 
not meters. The value of c in Eq. 2-72 must therefore be expressed in 
centimeters per second; or the waveguide dimensions must be expressed 
in units compatible with those used for c.) 


3. 


Antenna parameters 


The term antenna is defined by the dictionary * as ‘‘a usually metallic 
device (as a rod or wire) for radiating or receiving radio waves.” 
The official definition of the Institute of Electrical and Electronics 
Engineers (IEEE)f is simply, “A means for radiating or receiving 
radio waves.” The rod or wire is the “usual” form of an antenna; 
at any rate it is the one most familiar to the layman. Antennas of 
this type are seen virtually everywhere—on rooftops, automobiles, 
boats and ships, aircraft, even on spacecraft. 

Possibly the next most familiar type of antenna is the loop, made 
of wire formed into a large planar coil. Loops are used on ships 
and aircraft for direction finding and are also commonly used as 
“built-in” receiving antennas for home radio and television sets. 
The layman is also seeing other forms of antennas more often than 
in years past, such as arrays, parabolic and corner reflectors, horns, 
slots, helixes, lenses, and log periodics. The increasing use of these 
more sophisticated forms of antennas reflects advances that have been 
made in antenna theory, the more demanding requirements of 
modern radio systems, and the exploitation of higher frequencies 
where more exotic forms of antennas are feasible. 

The ideal antenna is, in most applications, one that will radiate all 
the power delivered to it by a transmitter (usually via a transmission 


* Webster’s Seventh New Collegiate Dictionary, G. C. Merriam Co., Springfield, 
Mass., 1963, p. 38. 

{ IEEE Test Procedure for Antennas, Publication No. 149 of the Institute of 
Electrical and Electronics Engineers, New York (January 1965). 
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line) in the desired direction or directions and with the desired 
polarization. Practical antennas can never fully achieve this ideal 
performance, but their merit is conveniently described in terms of 
the degree to which they do so. For this purpose, certain parameters 
of antenna performance are defined. This chapter is primarily con- 
cerned with these definitions and related terminology, which will be 
needed in the later chapters for discussing the performance of specific 
forms of antennas. 

A parameter is defined in mathematics as a quantity that can vary 
but is held constant in a particular problem so that the effect of some 
other variable may be studied, uncontaminated by any variation of 
the parameter. For example, if one wished to study the effect of 
temperature on the speed of sound in air, the air pressure would be 
held constant while the temperature was varied. A curve could 
then be plotted showing the variation of the speed as the temperature 
is varied, for a given pressure. If the pressure were then changed, 
another curve would result; many such curves can be plotted for dif- 
ferent values of pressure. In this situation the speed of sound is the 
dependent variable, the temperature is the independent variable, and 
the pressure is a parameter. Other parameters may also pertain to 
the problem—the humidity, for example. 

But the term “‘parameter”’’ has also come to mean, in engineering 
usage, any measurable characteristic of a physical phenomenon, 
device, or system, especially those that pertain to performance or 
merit. It is in this sense that the term is used in this chapter. 

The principal parameters of antennas are associated with the 
radiation pattern, the radiation efficiency, the input impedance, and 
the bandwidth. Parameters are defined under each of these cate- 
gories such as the gain, beamwidth, beam polarization, minor lobe 
level, radiation efficiency, aperture efficiency, receiving cross section, 
radiation resistance, various “‘bandwidths,” and others that have 
specialized applications. Some of these parameters are interrelated 
or correlated. For example, if the beamwidth is given, the gain can 
thereby be estimated, though it cannot be calculated exactly from the 
beamwidth without additional information. 

This book is primarily concerned with the electromagnetic design 
and performance of antennas. Often of almost equal practical 
importance are the mechanical design factors, some of which will 
be mentioned throughout the book in connection with related 
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discussions of electromagnetic behavior. It is desirable, however, for 
the reader to have some general “‘feeling”’ for the structural factors 
in the design of antennas, as an aid in relating the somewhat abstruse 
electromagnetic concepts to real physical structures. A thumbnail 
sketch of some of these aspects of antenna design will be given here, 
before the definition of electromagnetic parameters is taken up. 


3-1. Antenna Structures 


Size. The sizes of antennas range from microminiature to gigantic. 
There is a general proportionality between antenna size and the 
wavelength at the frequency of operation, but this relationship is 
not hard and fast. Large antennas are sometimes used at short 
wavelengths (high frequencies) to obtain a highly directional radia- 
tion pattern (beam) and high gain in a preferred direction. How- 
ever, there is a practical extreme beyond which further increase of 
size produces little or no additional gain because the required pre- 
cision of construction or maintenance of phase relationships is not 
practically attainable. This limitation is in the size region of per- 
haps a few thousand wavelengths, but an antenna of as much as 100 
wavelengths in any dimension is considered “electrically large.”’ 

Moreover, at long wavelengths (low frequencies) very small 
antennas may be used for reception when efficiency is not important. 
An antenna appreciably less than a half wavelength is termed 
“electrically small.” Even a physically large antenna may be elec- 
trically small at very low frequencies. 

In general, however, the largest antennas are those used at the 
very lowest frequencies (especially for transmitting, where radiation 
efficiency is important). An example of an extremely large VLF 
antenna is the Navy’s installation (actually two antennas) at Cutler, 
Maine, where wires supported by towers 1000 feet high extend over 
an area of 2 square miles. In contrast, a half-wave dipole at the 
microwave frequencies may be considerably less than an inch long. 


Supports. As mentioned in Sec. 1-3, an antenna must be located 
“in the clear” for good results—away from large conducting or 
absorbing objects. Accordingly there must often be some support- 
ing structure to place the radiating element or elements in a clear 
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location (which often is synonymous with a high location). Anten- 
nas are supported by such devices as towers, masts, and pedestals. 
Towers are used when great height is required. Masts may be 
quite high, but they are often as short as a few feet. Pedestals are 
the base structures of antennas such as reflectors and lenses, for which 
height is not so important as strength. Sometimes an antenna may 
be mounted directly on a vehicle, such as an automobile, ship, 
aircraft, or spacecraft; no intermediate “support”? is required. 
Moreover, towers and masts are sometimes themselves used as 
antennas rather than as supports. In the standard broadcast band 
(550-1600 kc), for example, vertical towers of heights up to several 
hundred feet are used as transmitting antennas. 


Feed Lines. An important part of any antenna installation is the 
transmission line used to connect the transmitter or receiver to the 
antenna. In fact the design of a feed line and any necessary impe- 
dance-matching or power-dividing devices associated with it are 
usually considered to be part of the antenna design problem. The 
line connects to the antenna at its input terminals or input port. At 
the very lowest frequencies, the earth (ground) is a part of the 
antenna electrical system, and one terminal of the antenna input is 
therefore a rod driven into the ground or a wire leading to a system 
of buried conductors (especially if the earth is dry in the vicinity of 
the antenna). The other terminal is then usually the base of a tower 
or other vertically rising conductor. Towers used in this way are 
usually supported at the base by a heavy insulator or insulators (series 
feed), but occasionally they are directly grounded and fed by con- 
necting the feed wire a short distance up from the ground (shunt feed). 

At somewhat higher frequencies, up to perhaps 30 Mc, the antenna 
may be a horizontal wire strung between towers or other supports 
(from which it is insulated). The feed line is then often a two-wire 
balanced line connected at the center of the antenna, either to the 
two terminals provided by a gap in the antenna wire (series feed) or 
to two points somewhat separated on the unbroken antenna wire 
(shunt feed). Sometimes the feed line is connected at the end of the 
horizontal span, or elsewhere off center, but center feed is preferred 
because it results in better balance of the currents in the feed wires. 
Two-wire-line spacings range from less than an inch to 12 inches or 
more. 
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At still higher frequencies, up to perhaps 1000 Mc and occasionally 
somewhat higher, coaxial feed lines are commonly used. They are 
favored because the two-wire-line spacing becomes too great a 
fraction of the wavelength to prevent appreciable radiation and 
because waveguides below 1000 Mc are quite large and expensive 
(though sometimes used). (Two-wire lines of small spacing may 
also be used in low-power applications.) Coaxial line diameters 
range from a fraction of an inch up to 9 inches or more. Above 
1000 Mc, waveguides are commonly used, with some use of small- 
diameter coaxial lines in low-power noncritical applications. When 
the antenna rotates on a pedestal, or has other motion with respect 
to its support, the feed line must contain flexing sections or rotating 
joints. 


Conductors. Metals are the usual conducting materials of antennas. 
Metals of high conductivity, such as copper and aluminum (and its 
alloys), are naturally preferred. Brass may be used for machined 
parts. Magnesium is sometimes used where ultralight weight is 
important, usually in an alloy and with a protective coating or treat- 
ment. Where strength is of primary importance, steel may be used, 
either with or without a coating or plating of copper. The conduc- 
tivity of unplated steel is adequate when it is used in the form of 
sheets or other large-surface-area forms (as for the surface of a para- 
boloidal reflector). Antenna wire is sometimes made with a steel 
core for strength and to minimize stretching, and with a copper 
coating to increase the conductivity. Such wire is virtually as good a 
conductor as solid copper, since rf currents are concentrated near 
the surfaces of conductors (skin effect). For this reason brass and 
other metals are sometimes silver plated when exceptionally high 
conductivity is required. For the same reason large-diameter con- 
ductors may be hollow tubes without loss of conductivity. At low 
radio frequencies the conductivity of large-diameter conductors may 
be increased, compared to a solid conductor, by interweaving strands 
of small-diameter insulated wires; the resulting conductor is called 
Litz wire. This technique is most effective below about 500 kc. At 
higher frequencies it is not effective because the currents tend to flow 
only in the outer strands. 

Conductor size in antenna design is determined by many factors, 
principally the permissible ohmic losses and resultant heating effects 
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in some cases, mechanical strength requirements, permissible weight, 
electrical inductance and capacitance effects, and corona considera- 
tions in high-voltage portions of transmitting antennas. Corona is 
minimized by large-diameter conductors, by avoidance of sharp or 
highly curved edges, and by using insulators with metal end caps 
bonded to the insulating material, so that small air gaps between 
wires and insulators do not exist. Corona can occur on metal sup- 
ports of the antenna as well as on the antenna conductor itself, as a 
result of induced voltages. 


Insulators. The conducting portions of an antenna not only carry 
rf currents but also have rf voltages between their different parts and 
between the conductors and ground. To avoid “short circuiting” 
these voltages, insulators must sometimes be used between the anten- 
na and its supports, or between different parts of the antenna. 
Insulators are also used as spacer supports for two-wire and coaxial 
lines and to “‘ break up” guy wires used with masts and towers so that 
resonant or near-resonant lengths will not occur. The maximum 
permissible uninterrupted length of guy wire sections is about | /8 
wavelength. (A half-wavelength section would be resonant.) 
Insulators used to support long heavy spans of wire must be of high 
strength. Typical insulating materials for such insulators are glass 
and ceramics. Other ‘“‘low-loss”’ materials such as polystyrene and 
other plastics are used where less strength is required. Very large 
and heavy insulators are necessary in high-power transmitting appli- 
cations to prevent flashover. Coaxial lines and waveguides in high- 
power applications may be filled with an inert gas, or dry air, at a 
pressure of several atmospheres, to increase the voltage-breakdown 
level. 


Weather Protection. Since antennas are ordinarily “‘ outdoors,” they 
must withstand wind, rain, ice and snow, lightning, and sometimes 
corrosive gases or salt-laden air. Protection against wind and ice 
loads is primarily a matter of mechanical strength and bracing. Guy 
wires are used with tall structures or towers to prevent their over- 
turning in high winds. At very low rf frequencies, where long spans 
of wire may be used, ice is sometimes melted from the wires by pass- 
ing heavy 60-cycle currents through them to produce heating. 
Sometimes an antenna (such as a rotating paraboloidal reflector 
or lens) is totally enclosed in a protective housing of low-loss 
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insulating material that is practically transparent to the electromag- 
netic radiation. Such a housing is called a radome. Radomes are 
commonly used on some types of aircraft antennas for aerodynamic 
reasons. They are also sometimes used on large microwave ground- 
based reflector antennas, permitting the antenna itself to be a lighter 
structure, at the cost of the expensive radome and some loss of rf 
power in the radome material. 

Protection against lightning-induced currents and static-charge 
buildup is necessary for some types of antennas, such as broadcasting 
towers, or any structure that stands high above its surroundings if the 
conducting path to ground is not heavy and direct. Insulators may 
be protected by horn or ball gaps, and static may be drained by con- 
necting high-ohmage resistors across insulators. 


3-2. Radiation Pattern 


The radiation pattern of an antenna is one of its most fundamental 
properties, and many of its performance parameters pertain to 
various aspects of the pattern. As mentioned in Sec. 1-3, there is a 
reciprocal relationship between the processes of radiation and recep- 
tion by an antenna. Although it is customary to speak of the 
antenna pattern as a radiation pattern, it is a “reception pattern” as 
well because it also describes the receiving properties of the antenna. 
However, it is perhaps somewhat easier to discuss the radiation 
pattern, which describes the relative strength of the radiated field in 
various directions from the antenna, at a fixed or a constant distance. 


Coordinate Systems. To discuss the radiation (or reception) pat- 
tern of an antenna, an appropriate coordinate system is needed. 
The reader’s basic knowledge of geometric concepts and coordinate 
representation of geometric relationships is assumed, but a brief 
review of the essentials will be given here. 

Because the antenna pattern is three dimensional, a three-dimen- 
sional coordinate system is required. Two possibilities are: (1) car- 
tesian (rectangular) coordinates (x, y, z) and (2) spherical coordinates 
(r, 0,). The spherical coordinate system is more appropriate 
because the radiation pattern may be expressed in terms of the 
electric field intensity, for example, at some fixed distance r from the 
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antenna, at all points on the spherical surface at that distance. 
Specific points on the surface are then defined by the direction angles 
@and ¢. The pattern then becomes a function of only two indepen- 
dent variables, since r is a constant, and this fact greatly simplifies 


matters. 


xz-plane 


yz-plane 
xy-plane 


Figure 3-1. Three-dimensional cartesian coordinate system. Coordinates of 
an arbitrary point P are shown as x1, yi, Z1. Corresponding spherical coordi- 
nates are also shown as r, 91, ¢;.. Also, polar coordinates of projection of P 
(designated P’) onto xy-plane are shown as pi, 41. 


It is sometimes convenient also to refer to the corresponding car- 
tesian system. Figure 3-1 shows the relationships of these two 
coordinate systems, for some arbitrary point in space designated P. 
That is, the dotted lines parallel to the x- , y- , and z-axes define the 
cartesian coordinates of P, whereas the spherical coordinates are 
shown in terms of the line (of length r) going directly from the origin 
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to the point P, and the projection of this line onto the xy-plane. 
This projection is designated p, and, as the reader may recognize, p 
and ¢ comprise a two-dimensional polar coordinate system in the 
xy-plane. 

The following analytical relationships exist among the various 
coordinates: 


r=Vx9°4 y+ 2 (3-1) 
Zz 

cos 9 = ——————————— = - fa) 
Vx? 4 y2? +272 96 Ge 

up 3 ad 
tan $ => (os) 
x =rsin 0cos ¢ (3-4) 
y =rsin 6sin ¢ (3-5) 
f= reos € (3-6) 
=Vx?7+4+ y=rsin 0 (3-7) 
xX = pcos ¢ (3-8) 
y= psing (3-9) 


The variables x, y, and z range from minus infinity to plus infinity, 
whereas r and p range from zero to infinity (always positive). The 
angle @ covers the range of 0 to 180 degrees (0 to a radians), and ¢ 
goes from 0 to 360 degrees (0 to 27 radians). The angle @ is called 
the angle of colatitude, or sometimes the polar angle, and ¢ is the 
angle of longitude. The system of angular coordinates used to 
describe positions on the surface of the earth (latitude and longitude) 
is essentially a spherical coordinate system with the radial coordinate 
fixed, except that the geographic latitude has the value zero at the 
equator where the colatitude is 90 degrees, and is +90 degrees at the 
north pole and —90 degrees at the south pole, where the corres- 
ponding values of colatitude are 0 and 180 degrees respectively. 

It is in fact sometimes convenient to use the geographic system of 
coordinates in discussing antenna patterns that consist of a single 
main lobe of radiation. The axis of the lobe is assumed to lie in 
the xy-plane, so that its longitude angle is 6 = 0°. Then the angle 
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@ is measured in the xz-plane and corresponds to the latitude angle of 
geographic coordinates. However, in this context @ is usually 
referred to as the elevation angle, and ¢ is called the azimuth angle. 
The value of @ corresponding to the beam axis is called the elevation 
angle of the beam. A positive elevation angle is equal to the com- 
plement of the colatitude angle in the corresponding system of true 
spherical coordinates. 


Definition of Pattern. If an antenna is imagined to be located at the 
center of a spherical coordinate system, its radiation pattern is 
determined by measuring the electric field intensity over the surface 
of a sphere at some fixed distance, r. Since the field EF is then a 
function of the two variable @ and 4, it is written E(@, ¢) in functional 
notation. 

A measurement of the electric field intensity E(@, $) of an electro- 
magnetic field in free space is equivalent to a measurement of the 
magnetic field intensity H(@, 4), since the magnitudes of the two 
quantities are directly related by the expression E = 377H (Eq. 
1-10). (Vectorially, of course, they are at right angles to each 
other; also, their phase angles are equal.) Therefore the pattern 
could equally well be given in terms of E or H. It is customary, 
however, to discuss patterns in terms of the electric field intensity, E. 

The power density of the field, A(6, ¢), can also be computed when 
E(@, 4) is known, the relation being: 7 = E?/377 (Eq. 1-9). There- 
fore a plot of the antenna pattern in terms of A(@, 4) conveys the same 
information as a plot of the magnitude of E(@, ¢). In some circum- 
stances, the phase of the field is of some interest, and a plot may be 
made of the phase angle of E(@, 4) as well as its magnitude; this 
plot is called the phase pattern of the antenna. But ordinarily the 
term antenna pattern implies only the magnitude of E or ¥. Some- 
times the polarization properties of E may also be plotted, thus 
forming a polarization pattern. 


Patterns in a Plane. Although the total pattern of an antenna is 
three dimensional, the pattern in a particular plane is often of interest. 
In fact, there is no satisfactory way of making a single plot of the 
entire three-dimensional pattern on a plane piece of paper. The 
three-dimensional pattern is usually represented in terms of the 
two-dimensional patterns in two planes that form 90 degree angles 
with each other, with the origin of a spherical coordinate system on 
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their intersection line. The ¢ = 0° direction is taken to lie along the 
intersection line, and the 6 = 0° direction is of course then perpen- 
dicular to this line and lies in one of the planes. This plane then 
becomes equivalent to the xz-plane of Fig. 3-1, the other being 
equivalent to the xy-plane. These are called principal planes of the 
coordinate system, and the patterns in them are the principal-plane 
patterns of the antenna. 

The principal-plane patterns do not, of course, convey the full 
three-dimensional pattern information; this would require an in- 
finity of plane patterns. For example, planes formed by rotating 
the xy-plane about the x-axis in small increments of the angle @ are 
appropriate for plotting additional plane patterns, which, in the 
aggregate, present a good picture of the total three-dimensional 
pattern. Alternatively, the planes may be formed by rotating the 
xy-plane about the y-axis or the xz-plane about the z-axis. Still 
another method of depicting three-dimensional pattern information 
is to plot contours of constant signal strength on the surface of a 
sphere containing the antenna at its center. But ordinarily only the 
principal-plane patterns are given, as they convey an adequate pic- 
ture of the three-dimensional pattern for most purposes. 

Patterns in a plane involve only one angle, and hence are polar- 
coordinate plots, except that the radial coordinate is the field strength 
or power density, rather than distance. However, because fortui- 
tously in a given direction the field strength E is inversely propor- 
tional to the distance, assuming free-space propagation (Eq. 1-11), 
a pattern that represents field strength as a function of angular direction 
at a fixed distance from the antenna is identical to a plot of distance 
for a constant field strength. Therefore a field-strength pattern can 
be interpreted in either of these ways, by simply changing the labeling 
of the radial coordinate scale. A similar statement, however, is not 
true for power-density patterns. 

Although the pattern in a plane is thus appropriately represented 
by polar coordinates, it would be possible to employ cartesian coordi- 
nates, through the relations of Eqs. 3-7 to 3-9. If this were done, 
the shape of the pattern would be unchanged; but because inter- 
pretation of the meaning of the pattern in terms of the cartesian 
coordinates would be relatively difficult, this is never done. It is 
fairly common, however, to plot the pattern on rectangular-coordinate 
graph paper but in terms of the direction angle as the abscissa and 
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field strength or power density as the ordinate. This type of plot 
distorts the appearance of the pattern geometrically but preserves 
the interpretability of an angle representation and makes the plotting 
and reading of the low-amplitude portions of the pattern easier. 
Figure 3-2 compares these two representations. Note that it is 
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Figure 3-2. Comparison of plane pattern plotted in polar and rectangular 
form. The same pattern is represented in both cases and the coordinates are 


the same. Only the form of the plot is different: (a) polar plot; (b) rectangular 
plot. 


easier to locate the angular positions of nulls (zeros) of the pattern on 
the rectangular plot. The distortion of the pattern in this type of 
plot is analogous to the distortion of a Mercator projection map in 
the polar regions. 


When the radiation of an antenna is polarized so that the E-vector 
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lies in a plane (usually one of the principal planes), the pattern in this 
plane is sometimes referred to as the E-plane pattern; and the pattern 
in the plane perpendicular to it, in which the H-vector lies, is called 
the H-plane pattern. (Both planes are of course oriented to contain 
the axis of the beam.) This terminology is obviously applicable 
only to antennas that radiate a linearly polarized field. 


Absolute and Relative Patterns. If the radiation pattern is plotted in 
terms of the field strength in electrical units, such as volts per meter 
or the power density in watts per square meter, it is called an absolute 
pattern. An absolute pattern actually describes not only the charac- 
teristics of an antenna but also those of the associated transmitter, 
since the absolute field strength at a given point in space depends on 
the total amount of power radiated as well as on the directional 
properties of the antenna. An absolute pattern in terms of constant- 
field-strength contours plotted on a map is a most useful represen- 
tation for a radio broadcast station, since it defines the geographic 
regions within which various received-signal levels are available to 
listeners. 

Often, however, the pattern is plotted in relative terms, that is, 
the field strength or power density is represented in terms of its ratio 
to some reference value. The reference usually chosen is the field 
level in the maximum-field-strength direction. The field strength or 
power density is given the value unity in this direction and fractional 
values in other directions. This type of pattern provides as much 
information about the antenna as does an absolute pattern, and 
therefore relative patterns are usually plotted when it is desired to 
describe only the properties of the antenna, without reference to an 
associated transmitter (or receiver). 

It is also fairly common to express the relative field strength or 
power density in decibels. This coordinate of the pattern is given as 
20 log (E/Emax) or 10 log (P/Amax). The value at the maximum of 
the pattern is therefore zero decibels, and at other angles the decibel 
values are negative (since the logarithm of a fractional number is 
negative). 


Near-Field and Far-Field Patterns. In principle it is possible to cal- 
culate the values of the electric and magnetic field components set 
up in space by any antenna. The mathematical difficulties may be 
formidable if the antenna is complicated, but the calculation is 
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always possible in principle, the starting point being Maxwell’s 
equations. For some simple types of antennas such calculations 
may be carried out in considerable detail, and the results illustrate 
certain features that apply to all antennas and are confirmed by 
experimental investigations of antenna fields. One such feature is 
that the radiation pattern in the region close to the antenna is not 
exactly the same as the pattern at great distances. The term near 
field refers to the field pattern that exists close to the antenna; the 
term far field refers to the field pattern at great distances. 

The significance of these terms is conveniently illustrated by con- 
sidering the fields set up by a simple dipole antenna. The mathe- 
matical analysis reveals that in a given direction the total electric 
field can be expressed as the sum of three terms, each of which de- 
creases in magnitude as the distance from the antenna, r, increases; 
but they decrease at different rates. 

It has already been stated in Sec. 1-1 that for the electromagnetic 
field radiated from a point source in free space the electric field inten- 
sity is inversely proportional to the first power of the distance (Eq. 
1-11). The dipole field, however, is found to have components that 
decrease inversely as the square of the distance and inversely as the 
cube of the distance, in addition to the inverse-first-power term. 
(This fact does not contradict the original statement because a dipole 
is not a point source.) Mathematically this means that one term con- 
tains the factor 1/r, one the factor 1/r?, and the third the factor 1/r?. 

The behavior of such terms, as r increases, is illustrated in Fig. 
3-3. The terms are equal in magnitude at r= 1. For smaller 
values of r, the 1/r? factor is largest, and the 1/r term is smallest. 
But for large values of r, the 1/r factor is larger than the other two, 
becoming increasingly so as r increases. Atr = 10, the factor 1/r is 
10 times larger than the factor 1/r? and 100 times larger than 1/r°; 
at r = 20, it is 20 times larger than 1/r? and 400 times larger than 
1/r?; and so on. Thus when r becomes sufficiently large, the 1/r 
term is so very much larger than the other two terms that they are 
completely negligible. To all intents and purposes, the field con- 
sists (at this distance, and at all greater distances) of only the term 
containing the 1/r factor. The field at great distances from the 
dipole behaves like the field of a point source, with inverse-first- 
power dependence of the electric field intensity on the distance from 
the dipole. 


Sec. 3-2 Radiation Pattern 121 


At very close distances, on the other hand, the 1/r? and 1/r? terms 
become much larger than the 1/rterm. This is the near-field region, 
and the region where the 1/r term dominates is the far-field region. 
Of course, the complete field equation also contains other factors, 
expressing the dependence of the field intensity on such variables as 
the direction, the current in the dipole, the ratio of the dipole length 
to the wavelength. For more complicated antennas the near field 
has more complicated dependence on r. But just as for the dipole 


Figure 3-3. Relative variation with distance of short-dipole static (1/r*), 
induction (1/r?), and radiation (1/r) field components (electric intensity). 


field, beyond a certain distance the field intensity has essentially a 1/r 
dependence on distance, for any antenna. 

In the near field it can be shown that a large part of the field 
represents power stored in space during one part of the sine-wave 
cycle and returned to the antenna during the rest of the cycle; it is 
reactive power. The 1/r component, on the other hand, represents 
power traveling outward from the antenna and never returning to it; 
it is radiated power. Therefore the far field is also called the radia- 
tion field, and the near field is called the induction field (although it 
also has a radiation component). 
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The near- and far-field patterns are in general different, that is, 
plots of relative field strength at a constant distance do not have the 
same form. In fact, patterns taken at different distances in the near 
field will differ from one another, but all patterns taken in the far 
field are alike. 

Ordinarily it is the radiated power that is of interest, and so 
antenna patterns are usually measured in the far-field region. For 
pattern measurement it is therefore important to choose a distance 
sufficiently large to be definitely in the far field, well out of the near 
field. The minimum permissible distance depends on the dimen- 
sions of the antenna in relation to the wavelength. An accepted 
formula for this distance is 


2, 
por — (3-10) 


where min 18S the distance from the antenna, D is the largest dimen- 
sion of the antenna, and A is the wavelength (all being expressed in 
the same units of length). The factor 2 in this expression is some- 
what arbitrary, but it is the factor usually observed in antenna- 
measurement practice. The formula also assumes that D is at least 
equal to about a wavelength, A. When D is smaller than A, the 
distance ri, Should be equal to at least a wavelength. 

In special circumstances, however, it may be desirable to know the 
behavior of the total field in the near-field region. When extremely 
high power is being radiated (as from some modern radar antennas), 
for example, this information may be needed to determine what 
regions near the antenna, if any, are hazardous to human beings. 
The far-field pattern together with the 1/r field-strength dependence 
will not provide this information. When the antenna is of dimensions 
comparable to or larger than a wavelength, the results calculated for 
short dipoles do not directly apply, either. Calculations for large 
antennas can be made in some cases; if they prove too difficult it 
is then necessary to resort to measurement. 


Free-Space and Earth-Reflection Patterns. The antenna pattern cal- 
culated for an antenna in free space will obviously not be observed 
in the presence of the earth, which both absorbs and reflects, as 
described in Sec. 1-4. Vertical-plane free-space and earth-reflection 
patterns of an isotropic radiator under certain conditions are com- 
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pared in Fig. 1-15, which indicates how drastically the two patterns 
may differ. 

Antenna patterns are usually given for the free-space condition, it 
being assumed that the user of the antenna will calculate the effect 
of ground reflection on this pattern for the particular antenna height 
and ground conditions that apply in the particular case. Some types 
of antennas, however, are basically dependent on the presence of the 
ground for their operation, for example, certain types of vertical 
antennas at low frequencies. The ground is in fact an integral part 
of these antenna systems. In these cases, the pattern must include 
the effect of the earth. Patterns of antennas intended for a specific 
environment or vehicle, such as a ship or aircraft, are usually 
measured so as to include the effects of reflections from the metallic 
surfaces of the deck, airplane wing, and so forth. It is always ad- 
visable to indicate clearly the conditions under which a pattern 
measurement was made, or the conditions assumed in calculating it, 
if any possible question could exist. 

An antenna mounted so that earth-reflection interference effects 
occur will have its vertical-plane pattern drastically affected, as Fig. 
1-15 indicates. Horizontal-plane patterns may be affected as to 
absolute values, but relative values will not be affected if the earth in 
the vicinity is “smooth.” That is, the shape of the horizontal pattern 
will not be affected, unless the earth is irregular. 


3-3. Antenna Gain 


In discussions of antenna gain the concept of an isotropic radiator, 
or isotrope, is fundamental. This concept was introduced briefly in 
Sec. 1-1. Essentially an isotrope is an antenna that radiates uni- 
formly in all directions of space. Its pattern is a perfect spherical 
surface in space; that is, if the electric intensity of the field radiated 
by an isotrope is measured at all points on an imaginary spherical 
surface with the isotrope at the center (in free space), the same value 
will be measured everywhere. 

Actually such a radiator is not physically realizable for coherent 
electromagnetic radiation;* all actual antennas have some degree 


* If the radiation is coherent, the relative phases of the waves in different direc- 
tions from the source maintain a constant difference. For a noncoherent 
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of nonuniformity in their three-dimensional radiation patterns. It is 
possible for an antenna to radiate uniformly in all directions in a 
plane, and it is possible to design an antenna that has approximate 
omnidirectionality in three dimensions, but perfect omnidirectionality 
in three-dimensional space can never be achieved. Nevertheless, the 
concept of such an ideal omnidirectional radiator, an isotrope, is 
most useful for theoretical purposes. 

A nonisotropic antenna will radiate more power in some directions 
than in others and therefore has a directional pattern. Any direc- 
tional antenna will radiate more power in its direction (or directions) 
of maximum radiation than an isotrope would, with both radiating 
the same total power. It is intuitively apparent that this should be 
so. Since the directional antenna sends less power in some direc- 
tions than an isotrope does, it follows that it must send more power 
in other directions, if the total powers radiated are to be the same. 

This conclusion will now be demonstrated more rigorously. Ifan 
isotrope radiates a total power P, watts and is located at the center of 
a transparent (or imaginary) sphere of radius R meters, the power 
density over the spherical surface, as has been shown in Sec. 1-1, is 


Fee = ahi watts per square meter (3-11) 
since the total P; is distributed uniformly over the surface area of the 
sphere, which is 47 R? square meters. 

Imagine that in some way it is possible to design an antenna that 
radiates the same total power uniformly through one half of the 
same spherical surface, with no power radiated into the other half. 
Such a fictitious radiator may be called a semi-isotrope. Since the 
half sphere has a surface area 27 R* square meters, the power density 
will be 


P sees a watts per square meter (3-12) 


radiator, these phase differences vary in a random manner, or fluctuate. The 
sun is an example of a noncoherent radiator; although its radiation is not iso- 
tropic over the time period of a single cycle at any particular frequency, it is 
(presumably) statistically isotropic over longer time periods. Such a state- 
ment cannot be made of a coherent radiator. (The sun, incidentally, radiates 
at radio frequencies as well as at optical frequencies.) 


Sn ee a 
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Therefore 
Ph semi-isotrope __ cP +/ 27 R?) = 


= ——_—_ = 2 3-13 
Pp isotrope (P +/ 47 R”) ( ) 


This result shows that at any distance R meters the power density 
radiated by the semi-isotrope is twice as great as that radiated by the 
isotrope, in the half-sphere within which the semi-isotrope radiates. 
In this region, therefore, the semi-isotrope is said to have a directive 
gain of 2. 

It is fairly apparent that if the radiation were confined to still 
smaller portions of the total imaginary spherical surface, the resulting 
directive gain would be still greater. For example, if the power P, 
watts were radiated uniformly into only one-fourth of the spherical 
surface, the directive gain would be 4, and so on. 


Directive Gain. The directive gain of an antenna is defined, in a 
particular direction, as the ratio of the power density radiated in that 
direction, at a given distance, to the power density that would be 
radiated at the same distance by an isotrope radiating the same total 
power. The directive gain of a semi-isotrope in the hemisphere into 
which it radiates is 2; its directive gain in the other hemisphere (where 
no power is radiated) is zero. 

Thus the directive gain of an antenna is defined as a quantity that 
may be different in different directions. In fact, the relative power- 
density pattern of an antenna becomes a directive-gain pattern if the 
power-density reference value is taken as the power density of an 
isotrope radiating the same total power (instead of using as a refer- 
ence the power density of the antenna in its maximum-radiation 
direction). 


Directivity. The term gain is often used to mean the gain in the 
maximum-radiation direction, although the unqualified term does 
not necessarily have this meaning. It is usually possible to determine 
in which sense the term is being used from the context; in fact, it may 
generally be assumed that the maximum gain is meant unless other- 
wise stated. The term directivity is defined as the maximum directive 
gain. 


Gain References. The foregoing definition of directive gain is based 
on an isotrope as the reference radiator. Occasionally the directive 
gain and directivity will be given relative to some other reference 
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antenna, such as a half-wave dipole. In years past, in fact, this was 
the customary reference antenna. Present practice, however, is to 
use a hypothetical isotropic radiator as the reference antenna for 
computing directive gain and directivity, and this may be assumed to 
be the reference unless it is stated otherwise. 


Directive versus Power Gain. The foregoing definition of directive 
gain compares the power density of an actual antenna and an isotrope 
on the assumption that both are radiating the same total power. 
Another concept of gain, the power gain, compares the radiated 
power density of the actual antenna and that of an isotrope on the 
basis of the same input power to both. The isotrope is assumed to 
radiate all the power, but some of the power delivered to the actual 
antenna may be dissipated in ohmic resistance (i.e., converted to 
heat). The power gain takes into account the antenna efficiency as 
well as its directional properties. 

The efficiency factor k is the ratio of the power radiated: by the 
antenna to the total input power; it is a number between zero and 
unity. If the directive gain is denoted by D and the power gain by 
G, the relationship between them is 


Genk (3-14) 


If the antenna has no ohmic losses, and therefore radiates all the 
power delivered to it, then of course k = 1 and G = D; the power 
gain and the directive gain are equal. 

The formal distinction between these two definitions of antenna 
gain has not always existed, and in past years the term antenna gain 
was used to mean sometimes one thing and sometimes another. 
The proper terminology is still not always used in some of the current 
literature; therefore it is well to bear in mind that some authors may 
mean either “directive gain’’ or ““power gain’? when they use the 
simple term “‘antenna gain.” The definitions given here are those 
approved by the Institute of Electrical and Electronics Engineers 
(IEEE).* When k is very nearly unity, as it is frequently at VHF and 
above, G and D are practically equal so that the distinction becomes 
unimportant. 


* “TEEE Test Procedure for Antennas, No. 149” (Revision of 48 IRE 282), 
January 1945; published in [EEE Transactions on Antennas and Propagation, 
AP-13, No. 3 (May 1965), 437-466. 
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It is apparent that the quantity of greatest significance to a radio 
system designer is the power gain. The antenna theorist, on the 
other hand, finds the concept of directive gain most convenient, for it 
depends only upon the pattern of the antenna. The theorist can 
compute the directive gain of a half-wave dipole, for example, by 
application of Maxwell’s equations and the assumption that the 
dipole has no ohmic loss. The directive gain of an isotrope, inci- 
dentally, is by definition unity, and the power gain of an isotrope with 
efficiency factor k is (also by definition) equal to k. 


Calculation of Directive Gain. Examples of gain calculation have 
been given for simple cases. These examples are not realistic because 
an antenna pattern of the type assumed cannot actually be obtained, 
that is, with uniform radiation over a portion of the imaginary 
spherical surface and zero radiation elsewhere; but they are con- 
ceptually useful. They serve to illustrate the general connection 
between directive gain and the antenna radiation-pattern charac- 
teristics. 

These ideas may be extended by considering the definition of a 
solid angle. Suppose that on the surface of a sphere an approxi- 
mately rectangular area is marked off, like the quadrangle of a globe 
between a pair of latitude lines and a pair of longitude lines. From 
the center of the sphere draw lines to the corners of this quadrangle, 
and join the adjacent lines by plane surfaces. These surfaces demar- 
cate a solid angle in the same way that a pair of lines demarcate a 
plane angle. The magnitude of the solid angle is measured in units 
called steradians; it is equal to the area of the quadrangle on 
the surface of the sphere divided by the square of the radius of 
the sphere. If the area of the quadrangle is A, the magnitude of 
the solid angle 2 is 


2Q.=— 77% (3-15) 
This definition of a solid angle applies when the area marked off on 
the spherical surface has any shape, not necessarily rectangular. For 
an area of irregular shape, the solid angle subtended from the center 
of the sphere is defined by the surface consisting of all possible 
straight lines from the center of the sphere to the boundary of the 
area on the surface. 
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Since the total surface area of a sphere is Aspnere = 47R?, substi- 
tuting this in Eq. 3-15 shows that the total solid angle subtended by 
the entire sphere is 47 steradians; that is, this is the solid angle that, 
from a single point, encompasses all space. It is helpful to note the 
analogy between solid and plane angles. A solid angle measured 
in steradians bears the same relationship to a subtended area on the 
surface of the sphere, and to the square of the radius, as a plane angle 
in radians bears to a subtended circular arc on the circumference of 
a circle, and to its radius. The entire sphere contains 47 steradians; 
the entire circle contains 27 radians (360°). 

Suppose that an antenna located at the center of an imaginary 
sphere of radius R has a radiation pattern such that all its power is 
distributed uniformly within an area A on the surface of the sphere, 
with none radiated in other directions. By the same arguments 
presented for the semi-isotrope, the directivity (maximum directive 
gain) of this antenna will be 


Ar R? 


D= 7 


(3-16) 


The solid angle containing the radiation of this antenna is given by 
Eq. 3-15, and therefore the substitution of A = 2R* may be made 
in the denominator of Eq. 3-16, giving the result: 
An 

DS re) (3-17) 
Thus the directivity of an antenna that radiates uniform power den- 
sity within a solid angle 2 and radiates nothing in other directions 
is equal to the ratio of the solid angle of an entire sphere (47 stera- 
dians) to the solid angle containing the radiation (2). 

This is a fundamental and useful result in antenna theory, even 
though its value is more conceptual than practical because antennas 
having this ideal type of radiation pattern cannot be realized. It is 
readily seen that the result previously derived for the directive gain 
of a semi-isotrope (D = 2) is confirmed by Eq. 3-17, since for the 
semi-isotrope {2 = 27. 

For an antenna whose pattern is not of this fictitious ideal form, 
the directive gain may be determined in a number of ways. If an 
absolute field strength measurement can be made, giving the value 
of the radiated electric intensity E in volts per meter at the range R 
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in the direction for which it is desired to know the gain, the corres- 
ponding power density at the same point is Pantenna = 2/377, from 
Eq. 1-9. The basic definition of directive gain is 


xP 
D = antenna S218 
es isotrope ( ) 
If the total power radiated by the antenna is known to be P,, then 
PF isotrope 18 equal to P,/47R? (Eq. 3-11). Substituting these results 
for Pantenna ANd Pisotrope into Eq. 3-18 gives 


_ 41 R°E? iy Hd ie 
p= 37IP, ~ a a (3-19) 


On the other hand, if P, represents the power input to the actual 
antenna rather than the power radiated, G should be substituted for 
D on the left-hand side of this equation; that is, it gives the power 
gain rather than the directive gain. 

In principle, the directivity, Dmax,* may also be calculated theore- 
tically if the total relative pattern of the antenna is known, that is, if 
the value of the ratio E(0, $)/Emax is known for all values of @ and 
@. (Measurement of this ratio does not require absolute measure- 
ment of either E(0, ¢) or of Exyax.) The calculation requires evalua- 
tion of a double integral, which in many cases may be difficult. 
The formula is 


An 


Das ae a 
(ee: iB [E(@, B/E vast sin 0 dé dd 


(3-20) 


When the relative pattern has been obtained by measurement and 
the values of E(0, $)/Emax exist in the form of a table of measured 
values, possibly plotted as curves in various planes, the integration 
cannot be performed analytically. It is possible to perform it by 
tedious numerical methods, perhaps with the aid of a machine com- 
puter. This method may be practical if the pattern is not too com- 
plicated. But the chief value of Eq. 3-20 is in theoretical work, 
where the relative pattern may be known as an analytical expression 
(as will be illustrated for some simple antennas in Chapter 4). The 


* The symbol Dmax should properly be used for the directivity, which is the 
maximum value of the directive gain, D. But for the sake of brevity, D will 
often be used for the directivity when no possibility of confusion exists. 
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integration of the denominator may then be performed analytically 
(in principle at least, although there may be serious practical diffi- 
culties in this case also). As may be seen from Eq. 1-9, the quantity 
[E(6, ¢)/Emax]2 may also be written AO, 6)/Pmax, that is, it is the 
relative-power-density pattern of the antenna. 

As a comparison of Eqs. 3-17 and 3-20 indicates, the integral in 
the denominator of Eq. 3-20 represents a solid angle 2 such that if 
the field strength E,,,. existed uniformly within it at distance R from 
the antenna, the total power radiated into 2 would be equal to the 
total power radiated by the actualantenna. The quantity sin 0 d@ do 
occurring in this integral is known in calculus as the “‘element of 
solid angle,’’ sometimes abbreviated dQ2. If the ratio E(0, $)/Emax 
is equal to unity for all values of @ and ¢, as it would be for an iso- 
trope, the entire integral becomes equal to 47, so that the resulting 
value of Dmax 1S unity, as it should be. 

Once the directivity Da, has been calculated from the relative 
pattern, the directive gain in any other direction 6,, ¢, can be simply 
determined from the relationship 


2 
D(x, $1) = Drax] =] (3-21) 
Gain in Decibels. Antenna gain (however defined) is a power ratio. 
Values of gain of practical antennas may range from zero to as much 
as 10,000 or more. As with any power ratio, antenna gain may be 
expressed in decibels. To illustrate in terms of the antenna power 
gain G, the value in decibels will be denoted by G,, and is given by 
Gay = 10logG. The directive gain in decibels is calculated from 
the same formula, with D substituted for G. In this book, unless 
otherwise stated, the symbol log will always stand for the common 
logarithm (base 10). Expressing gain in decibels is more common 
than expressing it as a power ratio. 


Practical Significance of Power Gain. It is apparent that for a given 
amount of input power to an antenna, the power density at a given 
point in space is proportional to the power gain of the antenna in that 
direction. Therefore the signal available to a receiving antenna at 
that location can be increased by increasing the power gain of the 
transmitting antenna, without increasing the transmitter power. A 
transmitter with a power output of 1000 watts and an antenna with a 
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power gain of 10 (10 db) will provide the same power density at a 
receiving point as will a transmitter of 500 watts power and an 
antenna power gain of 20 (13 db). Obviously this relationship has 
great economic significance. Sometimes it may be much less expen- 
sive to double the gain of the antenna (add 3 db) than it would be to 
double the transmitter power (though in other cases the converse 
may be true). But generally speaking it is desirable to use as much 
antenna gain as may feasibly be obtained, when it is desired to pro- 
vide the maximum possible field strength in a particular direction. 

In some cases, however, it may be necessary to radiate equally in 
all horizontal directions or over a wide angular sector; then, because 
of the connection between the antenna pattern and the directive 
gain, or directivity, the maximum gain obtainable will be limited. 
Determination of the gain that can or should be sought in a given 
application is a matter of engineering judgment. 


3-4. Receiving Cross Section 


Although there is a reciprocal relationship between the transmit- 
ting and receiving properties of antennas, it is sometimes more con- 
venient to describe the receiving properties in a somewhat different 
way. Whereas the power gain is the natural parameter to use for 
describing the increased power density of the transmitted signal due 
to the directional properties of the antenna, a related quantity called 
the receiving cross section, sometimes also called the capture area, is a 
more natural parameter for describing the reception properties of 
the antenna. 

The receiving cross section (area) A, is defined as follows. Sup- 
pose that a distant transmitter radiates a signal that, at the receiving- 
antenna location, has a power density Y,. This is the amount of 
power incident on, or passing through, each unit area of any imagi- 
nary surface perpendicular to the direction of propagation of the 
waves. 

A receiving antenna exposed to this field will have radio-frequency 
current and voltage induced in it, and at the antenna terminals this 
voltage and current represent radio-frequency power that can be 
delivered to a load (e.g., the input circuit of a receiver). In principle 
the power available at these terminals can be measured (although in 
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practice it may be so small a power that amplifying equipment will 
be needed to measure it). This power, however small, is the received 
signal power, P,. It can be deduced that in order for this amount of 
power to appear at the antenna output terminals, the antenna had to 
“capture” power from the field over a surface in space (oriented 
perpendicularly to the direction of the wave) of area A, such that 


P, = ,A, (3-22) 


The area A,, which bears this relationship to P, and F,, is the receiving 
cross section of the antenna. (The conception of the capture pro- 
cess thus conveyed is a much oversimplified one, but it has validity 
for the present purposes.) 

As might be supposed, there is a connection between the receiving 
cross section of an antenna and its physical area as viewed from the 
direction of the incoming signal. The two areas are not equal, 
however, although for certain types of high-gain antennas they may 
be nearly equal. But some antennas of physically small cross 
section may have considerably larger receiving cross sections. It is 
as though such an antenna has the ability to “reach out” and cap- 
ture power from an area larger than its physical size. 

As will be shown in Secs. 5-6 and 6-2 there is also a relationship 
between the gain of an antenna and its physical size. This relation- 
ship suggests that there may also be a connection between the gain 
and the receiving cross section, and this indeed turns out to be true. 
The equation relating the two quantities is 


GH? 
A= ae (3-23) 
where A is the wavelength corresponding to the frequency of the 
signal. (This relationship may be proved theoretically and verified 
experimentally.) 

Because of this connection between the receiving cross section and 
the gain, Eq. 3-22 may be rewritten, with the right-hand side of 
Eq. 3-23 substituted for A,, thus: 


P,GHr 


See aay 


(3-24) 


Therefore the concept of the receiving cross section of an antenna is 
not a necessary one. As Eq. 3-24 shows, it is possible to calculate 
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the received-signal power without it. As seen, the receiving-cross- 
section definition has a conceptual value, however, and is a conve- 
nient quantity to employ in some types of problem. 


3-5. Beamwidth 


When the radiated power of an antenna is concentrated into a 
single major “‘lobe,”’ as exemplified by the pattern of Fig. 3-2, the 
angular width of this lobe is the beamwidth. The term is applicable 
only to antennas whose patterns are of this general type. Some 
antennas have a pattern consisting of many lobes, for example, all of 
them more or less comparable in their maximum power density, or 
gain, and not necessarily all of the same angular width. One would 
not speak of the beamwidth of such an antenna, but a large class of 
antennas do have patterns to which the beamwidth parameter may 
be appropriately applied. 


Practical Significance of Beamwidth. If an antenna has a narrow 
beam and is used for reception, it can be used to determine the direc- 
tion from which the received signal is arriving, and consequently it 
provides information on the direction of the transmitter. To be 
useful for this purpose, the antenna beam must be “‘steerable,”’ that 
is, capable of being pointed in various directions. (This may be 
accomplished by pointing the whole antenna or by other means that 
will be described in Chapters 5, 6, and 7.) It is intuitively apparent 
that for this direction-finding application, a narrow beam is desirable 
and the accuracy of direction determination will be inversely pro- 
portional to the beamwidth, assuming no errors in other parts of the 
system (although in practice this is not always a good assumption). 
Its relation to direction-finding accuracy is one significant aspect of 
the beamwidth parameter. This, however, is by no means its only 
practical significance. 

In some applications a receiver may be unable to discriminate com- 
pletely against an unwanted signal that is either at the same fre- 
quency as the desired signal or on nearly the same frequency. In 
such a case, pointing a narrow receiving-antenna beam in the direc- 
tion of the desired signal is helpful; the resulting greater gain of the 
antenna for the desired signal, and reduced gain for the undesired 
one, may provide the necessary discrimination. If the directions of 
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the desired and undesired signals are widely separated, even a rela- 
tively wide beam will suffice. But the closer the two signals are in 
direction, the narrower the beam must be to provide effective dis- 
crimination. (In radar systems the analogous problem is the ability 
to distinguish two targets that are close together in bearing, that is, 
in direction angle; this ability is called angular resolving power or 
resolution.) 

Finally, as the foregoing discussion of gain and directivity has 
indicated, there is a relationship between the beamwidth of an 
antenna and its directive gain (Eq. 3-17).* Generally it is true that 
the narrower the beam can be made, the greater the gain will be, 
although this statement must be somewhat qualified. (The quali- 
fication involves only “‘second order” effects, which modify the 
statement in a minor way.) Since gain is generally a desirable 
property, this relationship constitutes an additional virtue of narrow 
beamwidth. 

On the other hand, there are situations that call for a wide beam. 
For example, a broadcasting station must radiate a signal simul- 
taneously to listeners in many different directions—typically, over a 
360 degree azimuth sector. Any narrowing of the beam to obtain 
gain must therefore be done in the vertical plane. At the low fre- 
quencies of the regular broadcast band (approximately 550-1600 
kc), and at lower frequencies, such vertical-plane beam narrowing is 
not feasible because it would require an impractically large (high) 
antenna. In television and FM broadcasting in the VHF and UHF 
bands, however, this means of obtaining gain while preserving 360 
degree azimuthal coverage is much used. A situation in which an 
antenna beam must be moderately broad in the vertical plane is that 
of a search radar antenna on a ship that rolls and pitches. It is 
usually required that the beam of such antenna be directed at the 
horizon. But if the beam has, say, a 2-degree vertical beamwidth, 
and the ship rolls 20 degrees (which is not unusual), it is evident that 
at times no part of the beam will remain directed at the horizon. 
The vertical beamwidth in this case must be of size comparable to 
the maximum roll angle of the ship, unless some method of stabilizing 
the beam is employed (as is sometimes done). 


* The solid-angular size of the beam, 2 in Eq. 3-17, is proportional to the 
product of the plane-angle beamwidths in two perpendicular planes, for typical 
beam shapes. 
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Beamwidth Definition. As illustrated in Fig. 3—2, an antenna beam is 
typically round-nosed. Defining beamwidth, therefore, is a prob- 
lem. As seen clearly in the rectangular plot, Fig. 3—-2b, it would be 
possible in this case to cite the width of the beam between the two 
nulls (zero values) on either side of the maximum, since these are 
two definitely measurable points. Not all beams have such nulls, 
however, although they are present ordinarily. Moreover, it is 
logical to define the width of a beam in such a way that it indicates 
the angular range within which radiation of useful strength is ob- 
tained, or over which good reception may be expected. From this 
point of view the convention has been adopted of measuring beam- 
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Figure 3-4. Determination of half-power (3 db down) beamwidth. 


width between the points on the beam pattern at which the power 
density is half the value at the maximum. (Ona plot of the electric- 
intensity pattern, the corresponding points are those at which the 
intensity is equal to 1/2 or 0.707 of the maximum value.) 

The angular width of the beam between these points is called the 
half-power beamwidth. When a beam pattern is plotted with the 
ordinate scale in decibels, as is frequently done, the half-power points 
correspond to the minus-3-db points. For this reason the half- 
power beamwidth is often referred to as the 3-db beamwidth. Figure 
3-4 illustrates the procedure of determining the 3-db beamwidth on 
a rectangular pattern plot. Only the nose region of the beam pat- 
tern is shown. As indicated, this beamwidth is approximately 10 
degrees. 
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This criterion of beamwidth, although adequate and convenient in 
many situations, does not always provide a sufficient description of 
the beam characteristics. Beams have different shapes. An addi- 
tional description may be given by measuring the width of the beam 
at several points—for example, at —3 db, —10 db, and at the nulls 
(if they are present). Some beams may have an asymmetric shape, 
for some special reason, and the specific nature of the asymmetry may 
be important. Special methods of describing such beams can be 
employed. In the final analysis the best description of a beam is a 
plot of its pattern. 


Principal-Plane Beamwidths. An antenna beam occupies a solid 
angle, and a single beamwidth figure refers only to the pattern ina 
particular plane. It is apparent that the beam may have different 
widths in different planes through the beam axis. (The axis is the 
direction of maximum radiation, a line from the antenna passing 
through the nose of the beam.) Therefore it is customary to give the 
widths of the beam in two planes at right angles, usually the principal 
planes of the coordinate system. The beamwidths in planes at 
intermediate angles will generally have intermediate values, so that 
giving just these two beamwidth figures conveys considerable 
information concerning the solid-angular shape of the beam. When 
the beam is linearly polarized, the beamwidth in the plane contain- 
ing the E-vector (plane of polarization) is sometimes called the 
E-plane beamwidth, and that in the perpendicular plane the H-plane 
beamwidth. 


3-6. Minor Lobes 


As has been mentioned in the discussion of antenna patterns, a 
directional antenna usually has, in addition to a main beam or major 
lobe of radiation, several smaller lobes in other directions; they are 
minor lobes of the pattern. Those adjacent to the main lobe are 
side lobes, and those that occupy the hemisphere in the direction 
opposite to the main-beam direction are back lobes. Minor lobes 
ordinarily represent radiation (or reception) in undesired directions, 
and the antenna designer therefore attempts to minimize them, that 
is, to reduce their level relative to that of the main beam. This level 
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is expressed in terms of the ratio of the power densities in the main- 
beam maximum and in the strongest minor lobe. This ratio is often 
expressed in decibels. 

Since the side lobes are usually the largest of the minor lobes, this 
ratio is often called the side-lobe ratio or side-lobe level. A typical 
side-lobe level, for an antenna in which some attempt has been made 
to reduce the side-lobe level, is 20 db, which means that the power 
density in the strongest side lobe is 1% of the power density in the 
main beam. Side-lobe levels of practical well-designed directional 
antennas typically range from about 13 db (power-density ratio 20) 


Main beam 


Decibels 


—60° ait)" 0° 30° 60° 
Angle measured from nose of beam 


Figure 3-5. Decibel pattern plot, indicating sidelobe level. 


to about 40 db (power-density ratio 10,000). Attainment of a side- 
lobe level better than 30 db requires very careful design and construc- 
tion. 

Figure 3—5 shows a typical antenna pattern with a main beam and 
minor lobes, plotted on a decibel scale to facilitate determination of 
the side-lobe level, which is here seen to be 25 db. 

In some applications side lobes are not especially harmful unless 
their level becomes comparable to the main-beam level; in other 
applications it may be important to hold the side-lobe level to an 
absolute minimum. In most radar systems, for example, a low 
side-lobe level is important. If the radar is very sensitive, a large 
target located in the direction of one of the antenna side lobes (or 
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even a back lobe) may appear on the radar indicator oscilloscope as 
though it were a target in the main beam. Such side-lobe echoes 
create a “‘clutter”’ on the scope that may mask main-beam echoes 
from smaller targets and overload the data-processing personnel or 
equipment. Therefore radar antennas are often designed for side- 
lobe levels of 25 db or better in the horizontal-plane patterns. Side 
lobes in the vertical-plane patterns may also be harmful in height- 
finding radars but do no harm in search radars that provide angle 
information only in the azimuth plane, except to the extent that they 
represent wasted power. 


3-7. Radiation Resistance and Efficiency 


In a large class of antennas the radiation is associated with a flow 
of rf current in a conductor or conductors. As is well known in 
elementary electric circuit theory, when a current J flows in a resis- 
tance R, an amount of power P = R/J? will be dissipated, that is, 
electrical energy will be converted into heat at this rate. In an anten- 
na, even if there is no resistance in the conductors, the electrical 
energy supplied by the transmitter is “‘lost,” just as though it had 
been converted into heat in a resistance, although in fact it is radiated. 
It is customary to associate this “loss” of power, through radiation, 
with a fictitious ‘‘radiation resistance” that bears the same relation- 
ship to the current and the radiated power as an actual resistance 
bears to the current and dissipated power. If the power radiated by 
the antenna is P and the antenna current is /, the radiation resistance 
is 


R=5 (3-25) 


When P is given in watts and J in amperes, R, is obtained in ohms 
from this formula, which is in effect a definition of radiation resis- 
tance. It is a concept applicable only to antennas in which the 
radiation is associated with a definite current in a single linear con- 
ductor. 

Even in this limited application, the definition is ambiguous as it 
stands, because the current is not the same everywhere even in a 
linear conductor. It is therefore necessary to specify the point in 
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the conductor at which the current will be measured. Two points 
sometimes specified are the point at which the current has its maxi- 
mum value and the feed point (input terminals). These two points 
are sometimes one and the same point, as in a center-fed dipole, 
but they are not always the same. And in principle, any point 
may be specified. The value then obtained for the radiation resis- 
tance of the antenna depends on what point is specified; this value is 
the radiation resistance referred to that point. Since the current 
maximum of a standing-wave pattern is known as a current loop, 
the radiation resistance referred to the current maximum is sometimes 
called the Joop radiation resistance. 

The word “maximum” here refers to the rms current in that part 
of the antenna where it has its greatest value. It does not mean the 
peak value of the current at this point during the rf cycle, when Eq. 
3-25 is used as the definition. In some texts, however, formulas for 
radiation resistance are written in terms of this peak value, which is 
the amplitude of the current sine wave. Equation 3-25 will yleld a 
value of radiation resistance only half as great as the true value if the 
current amplitude is used for J; the correct formula in terms of the 
current amplitude, J), is R. = 2P/J,?. 

The radiation resistance of some types of antennas can be calcu- 
lated. For other types the calculation cannot be made practically, 
and the value must be obtained by measurement. Methods of 
making such a measurement will be described in Sec. 8-6. Typical 
values of the loop radiation resistance of actual antennas range from 
a fraction of an ohm to several hundred ohms. The very low values 
are undesirable because they imply large antenna current, and there- 
fore the possibility of considerable ohmic loss of power, that is, 
dissipation of power as heat rather than as radiation. An exces- 
sively high value of radiation resistance would also be undesirable 
because it would require a very high voltage to be applied to the 
antenna. Very high values do not occur in practical antennas, 
whereas very low values sometimes do occur unavoidably. 

Antennas always do have some ohmic resistance, although some- 
times it may be so small as to be negligible. The ohmic resistance is 
usually distributed over the antenna; and since the antenna current 
varies, the resulting loss may be quite complicated to calculate. In 
general, however, the actual loss can be considered to be equivalent 
to the loss in a fictitious lumped resistance placed in series with the 
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radiation resistance. If this equivalent ohmic loss resistance is 
denoted by Ro, the full power (dissipated plus radiated) is /7(Ro + R,), 
whereas the radiated power is J?R,. Hence the antenna radiation 
efficiency k, of Eq. 3-14 is given by 
R, 

i= Rien (3-26) 
It must be acknowledged, however, that this definition of the effi- 
ciency is not really very useful even though it may occasionally be 
convenient. The fact is both R, and R, are fictitious quantities, 
derived from measurements of current and power; R, is given in 
these terms by Eq. 3-25, and R, is correspondingly equal to Po/J?. 
Making these substitutions into Eq. 3-26 gives the more basic 
definition of the efficiency: 


P, 


sale BEng 


(3-27) 


where P, is the power radiated, and Py is the power dissipated. 


3-8. Input Impedance 


An antenna whose radiation results directly from the flow of rf 
current in a wire or other linear conductor must somehow have this 
current introduced into it from a source of rf power, the transmitter. 
The current is usually carried to the antenna through a transmission 
line. To connect the line to the antenna, a small gap is made in the 
antenna conductor, and the two wires of the transmission line are 
connected to the terminals of the gap—the antenna input terminals. 
At this point of connection the antenna presents a load impedance to 
the transmission line (Z, of Fig. 2-2 and Eqs. 2-17, 2-18, 2-19, et al.). 
This impedance is also the input impedance of the antenna. If it is 
equal to the characteristic impedance of the line Zo, there will be no 
standing wave on the line; otherwise there will be. Consequently 
the input impedance of the antenna is one of its very important 
parameters. Measurement of the antenna input impedance is dis- 
cussed in Sec. 8-1. 

In addition to its importance in determining whether or not there 
will be a standing wave on the transmission line, the input impedance 
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determines how large a voltage must be applied at the antenna input 
terminals to obtain the desired current flow and hence the desired 
amount of radiated power. The impedance is in fact equal to the 
ratio of the input voltage £; to the input current J,, by definition: 


Cite (3-28) 


This impedance is in general complex, in accordance with Eq. 
2-27. If the gap in the antenna conductor (feed point) is at a cur- 
rent maximum, and if there is no reactive component to the input 
impedance, it will be equal to the sum of the radiation resistance and 
the loss resistance; that is: 


ZR RGR: (3-29) 


The input impedance will be nonreactive for this feed point if the 
antenna is resonant (as in the case of a wire approximately an inte- 
gral number of half wavelengths long, discussed in Sec. 4-2 to 4-4) 
or if the antenna is terminated by a resistance of proper value at its 
far end so that there is no standing wave of current on it (as described 
in Sec. 4-4). In other cases, however, the input impedance may 
consist effectively of the radiation and loss resistances in series with a 
very high reactance. 

If this reactance has a large value, the antenna input voltage must 
be very large to produce an appreciable input current. If in addition 
the radiation resistance is very small, the input current must be very 
large to produce appreciable radiated power. Obviously this com- 
bination of circumstances, which occurs with the “short dipole”’ 
antennas that must be used at very low frequencies, results in a very 
difficult “feed” problem or impedance-matching problem. Methods 
of solving it are described in Sec. 4-1 and 4-10. 

The concepts of radiation resistance and feed point or input impe- 
dance have been discussed here in terms of antennas that have 
currents flowing in linear conductors as the basis of the radiation. 
As will be discussed in Sec. 4-7, 4-8, and 4-9, other types of antennas 
exist with radiating properties difficult to analyze in these terms. 
They are usually fed by waveguides rather than by transmission 
lines. The equivalent of an input impedance can be defined at the 
point of connection of the waveguide to the antenna, just as wave- 
guides have a characteristic wave impedance analogous to the 
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characteristic impedance of a transmission line. It is difficult to 
define a “radiation resistance” for such antennas. 

Even for some types of antennas consisting of current-carrying 
conductors this is difficult, and it may even be difficult to define an 
input impedance. This is true, for example, of an array of dipoles, 
to be described in Sec. 5-1, when each dipole is fed separately; 
sometimes each dipole, or groups of dipoles, will be connected to 
separate transmitting amplifiers and receiving amplifiers. The input 
impedance of each dipole or group may then be defined, but the con- 
cept becomes meaningless for the antenna as a whole, as does also 
the radiation resistance. Both these terms have meaning primarily 
for simple linear-current radiating elements; but they comprise a 
very large class of antennas. 


3-9. Bandwidth 


All antennas are limited in the range of frequency over which they 
will operate satisfactorily. This range, whatever it may be, is called 
the bandwidth of the antenna. Bandwidth is a concept that is prob- 
ably familiar in other applications, sometimes by another name. 
For example, a “hi fi” audio amplifier may have a reasonably 
uniform “frequency response” from 20 to 20,000 cps. It will satis- 
factorily amplify audio-frequency signals within this frequency 
range or band; hence its bandwidth is approximately 20 kc (actually 
19,980 cps if the range is cut off sharply at 20 and 20,000 cps; but in 
fact the “‘fall-off” is almost always gradual). As another example, 
a television i-f amplifier must have a bandwidth of approximately 
4 Mc in order to pass all the frequency components of a television 
signal. By the same token, a television transmitting antenna must 
also have at least this bandwidth. A television receiving antenna, 
on the other hand, must have sufficient bandwidth to receive all the 
channels to which the receiving set can be tuned. 

If an antenna were capable of operating satisfactorily from a 
minimum frequency of 195 Mc to a maximum frequency of 205 Mc, 
its bandwidth would be 10 Mc. It would also be said to have a 5% 
bandwidth (the actual bandwidth in megacycles divided by the 
center frequency of the band, times 100). This would be consi- 
dered a “moderate”? bandwidth. Some antennas are required to 
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operate only at a fixed frequency with a signal that is narrow in its 

bandwidth ; consequently there is no bandwidth problem in designing 
such an antenna. But in other applications much greater band- 
widths may be required; in such cases special techniques are needed. 
Such techniques are known and will be described in Sec. 7-1 and 7-2. 
In fact, some recent developments in broad-band antennas permit 
bandwidths so great that they are described by giving the numerical 
ratio of the highest to the lowest operating frequency, rather than as 
a percentage of the center frequency. In these terms, bandwidths 
of 20 to 1 are readily achieved with these antennas, and ratios as 
great as 100 to 1 are possible. 

The bandwidth of an antenna is not as precise a concept as some 
of the other parameters that have been described, because many 
factors are involved in what is meant by “operating satisfactorily.”’ 
The principal ones are input impedance, radiation efficiency, power 
gain, beamwidth, beam direction, polarization, and side-lobe level. 

These may not all be involved in every case, because one or another 
of them may be so much more critical than the others, in a particular 
case, that it alone determines the bandwidth. The two basic factors 
involved, between which a distinct separation may be made, are the 
antenna pattern and the input impedance. Accordingly, the terms 
pattern bandwidth and impedance bandwidth are sometimes used to 
emphasize this distinction. The beamwidth, gain, side-lobe level, 
beam direction, and polarization are parameters associated with the 
pattern bandwidth, whereas input impedance, radiation resistance, 
and efficiency are associated with the impedance bandwidth. 

The definition of the bandwidth of an antenna is less precise than 
the definitions of other parameters for still another reason: there is 
no established criterion of “satisfactory” operation. In some appli- 
cations, for example, an impedance variation of a factor of 2 over 
the operating frequency band may be acceptable; in others only a 
10°% variation may be tolerated. Similar statements apply to varia- 
tions of beamwidth, gain, and so forth. When an antenna band- 
width figure is given, therefore, it should always be accompanied by 
a statement of “satisfactory operation” on which it is based, unless 
these criteria are fairly well established for the particular application 
involved. 

Two categories of bandwidth requirement exist, and sometimes 
they allow different approaches. In some cases (category 1) the 
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antenna is required to handle frequencies over a wide band simul- 
taneously (or nearly so). There are also cases (category 2) in which 
the range of frequencies is covered over a period of time, but at any 
one time the bandwidth requirement is only a small fraction of the 
long-term requirement. An example of this is a communication 
antenna that may operate with its carrier frequency anywhere within 
a band of 15 Me, for instance, in the region of 300 Mc, a bandwidth 
requirement of 5%. But when it is operating at a particular time, 
its transmitted signal may cover a bandwidth of, for example, 50 
kc—a bandwidth of less than 0.02%. It is possible, in such a situa- 
tion, for the operator of the set to make an adjustment of the antenna 
impedance matching, if necessary, when he changes the frequency of 
operation of the set. (The adjustment can be made automatically, 
in fact, being controlled by the same knob that changes the trans- 
mitter frequency.) This is a fictitious example, but it illustrates a 
fundamental difference in the two categories of bandwidth require- 
ments. The first category presents the most difficult problem of 
course, because the antenna must meet the requirement without the 
possibility of any adjustments being made in going from one fre- 
quency to another within the band. However, even when the band- 
width requirement is of the second type, it may be desirable to meet 
it without requiring adjustments to be made; the decision is pri- 
marily an economic one. 


3-10. Polarization 


The radiation of an antenna may be linearly, elliptically, or circu- 
larly polarized, as defined in Sec. 1-1. Polarization in one part of 
the total pattern may be different from polarization in another. For 
example, in the case of a directional antenna with a main beam and 
minor lobes, the polarization may be different in the minor lobes and 
in the main lobe, or may even vary in different parts of the main lobe. 

The simplest antennas radiate (and receive) linearly polarized 
waves. They are usually oriented so that the polarization (direction 
of the electric vector) is either horizontal or vertical. Sometimes 
the choice is dictated by necessity, at other times by preference based 
on technical advantages, and sometimes there is no basis for choice 
—one is as good and as easily achieved as the other. 
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For example, at the very low frequencies it is practically impossible 
to radiate a horizontally polarized wave successfully (because it will 
be virtually canceled by the radiation from the image of the antenna 
in the earth); also, vertically polarized waves propagate much more 
successfully at these frequencies (e.g., below 1000 kc). Therefore 
vertical polarization is practically required at these frequencies. 

At the frequencies of television broadcasting (several bands in the 
range of 54 to 890 Mc), horizontal polarization has been adopted as 
standard. (A standard is obviously necessary, since if each trans- 
mitting station were permitted to make a choice, receiving antennas 
would have to be designed for both polarizations, thus greatly com- 
plicating the design problem and increasing the received noise level.) 
This choice was made to maximize signal-to-noise ratios; it was found 
that the majority of man-made noise signals are predominantly ver- 
tically polarized. (Interestingly, in Great Britain the opposite choice 
was made, because from the pure wave-propagation point of view, 
vertical polarization provides maximum signal strength.) 

At the microwave frequencies (above 1000 Mc) there is little basis 
for a choice of horizontal or vertical polarization, although in specific 
applications there may be some possible advantage in one or the 
other. Of course in communication circuits it is essential that the 
transmitting and receiving antennas have the same polarizations. 

Circular polarization has advantages in some VHF, UHF, and 
microwave applications. For example, in transmission of VHF and 
low-UHF signals through the ionosphere, rotation of the polariza- 
tion vector occurs, the amount of rotation being generally unpre- 
dictable. Therefore if a linear polarization is transmitted it is advan- 
tageous to have a circularly polarized receiving antenna (which can 
receive either polarization), or vice versa. The maximum efficiency 
is realized if both antennas are circularly polarized. (This applies, 
for example, to transmission and reception between the earth and an 
artificial satellite or space probe.) Circular polarization has also 
been found to be of advantage in some microwave radar applications 
to minimize the “clutter”? echoes received from raindrops, in 
relation to the echoes from larger targets such as aircraft. 

It is apparent that the polarization properties of an antenna are an 
important part of its technical description—a parameter of its per- 
formance. Sometimes it may be desirable to provide a ‘‘polariza- 
tion pattern”’ of the antenna, that is, a description of the polarization 
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radiated as a function of the direction angles of a spherical coordinate 
system, although such a complete picture of the polarization is not 
ordinarily required. 


PROBLEMS AND EXERCISES 


1. Indicate, by placing a letter T or F in each of the boxes, whether 
you think that the following statements are true (T) or false (F): 

[_] (a) The largest antennas are those used to obtain high gain at high 
frequencies. 

[_] (b) A steel tower can be used to support an antenna, or sometimes 
it can itself be the antenna. 

[] (c) The place at which the feed line connects to an antenna Is called 
its input terminals or input port. 

[] (d) Guy wires of antenna towers should be interrupted by insula- 
tors spaced a half-wavelength apart. 

[] (e) Solid copper is always the preferred form of conductor for an 
antenna. 

[| (f) A radome is a dome-shaped radar antenna. 

2. List three quantities pertaining to the electric field that should be 
plotted, as functions of the direction angles 0, ¢, to present all possible 
information about the antenna pattern in the far field. (Note: Do not 
include the magnetic intensity or the power density, as these are both 
derivable from a knowledge of the electric field.) 

3. The relative electric-intensity pattern of a particular antenna in a 
particular plane is given by the equation: 


6.4 sin (98) 


Eevei a 6 


where @ is the angle coordinate in the plane, expressed in degrees. 

(a) Calculate E,., for the following values of 0: 0°, 1°, 2°, 5°, 7°, 10°, 
15°, 20°, 25°, 30°, 35°, 40°. (Note: The calculation for 9 = 0° involves 
the indeterminate quotient ‘‘zero divided by zero,” which is evaluated 
by a limiting procedure of differential calculus; the result is E,.1 = 1.) 

(b) Using rectangular-coordinate graph paper, plot this portion of the 
pattern, with E,.; as the ordinate and @ as abscissa (as in the rectangular 
plot of Fig. 3-2). (Assume that the curve varies smoothly for values 
between the ones calculated.) 

(c) From this curve, assuming that for negative values of @ the values 
of Eye; are the same as for positive 6, what is the beamwidth of this 
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antenna by the half-power definition? (Recall that half power corres- 
ponds to a relative electric intensity value of 0.707, or about 0.71.) 

(d) The portion of the pattern plotted contains one side lobe. What 
is its relative amplitude? What is the decibel level of this side lobe? 

4. A directional antenna has a maximum electrical dimension of 50 
meters, and its operating frequency is 100 Mc (10° cps). A field strength 
measurement is made at a distance of 1 km from this antenna, in the 
main beam. (a) Is this a near-field or a far-field measurement? 
(b) What is the approximate distance at which the near field ends and 
the far field begins? (Note: You will need to compute the wavelength. 
Use Eq. 1-1, Chapter 1, with v = c = 3 x 10® meters per second.) 

5. The solid angle subtended by the sun as viewed from the earth is 
2 = 6 x 10~° steradian. A microwave antenna, designed to be used 
for studying the microwave radiation from the sun, has a very narrow 
beam whose “‘equivalent”’ solid angle (in the sense of the denominators 
of Eqs. 3-17 and 3-20) is approximately equal to that subtended by the 
sun. Assume that this antenna has no minor lobes. What is its 
approximate directivity, D (maximum directive gain)? Express this gain 
as both a power ratio and a decibel value. 

6. An antenna radiates a total power of 100 watts. In the direction 
of maximum radiation, the field strength at a distance of 10 km (104 
meters) was measured and found to be E = 12 millivolts (0.012 volt) per 
meter. (a) What is the directivity (D) of this antenna, assuming free- 
space propagation to the measuring point? (b) If its efficiency factor 
is kp = 0.92, what is its power gain, G? (c) If the wavelength is 
A = 3 meters, what is the receiving cross section, A,, in square meters ? 

7. If the operating wavelength of an antenna, whose directivity is 
D = 30,000, is A = 0.1 meter, (a) what is its receiving cross section, A,, 
and (b) if the actual cross-sectional area of the antenna is the same as its 
receiving cross section, and if the outline of this area is circular, what is 
the antenna diameter? (Recall from elementary geometry that the area 
of a circle of diameter D is 7(D/2)?.) 

8. In Chapter 1, Eq. 1-48 is the radio transmission equation giving 
the power density F, at the receiving antenna. By substituting this 
expression for 7, into (a) Eq. 3-22 and (b) Eq. 3—24 show that the results 
are radio transmission equations that give the received power, P,, which 
can be used if the receiving antenna cross section, A,, or gain, G,, is 
known. (These equations are in fact of greater practical value than the 
equation for the power density.) 

9. A dipole slightly shorter than a half wavelength, fed at the center, 
has an input impedance that is purely resistive and of value 75 ohms. 
The conductor has some ohmic resistance, and the resulting ohmic loss 
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of power is equivalent to what would result if the dipole were a perfect 
conductor but had a ‘“‘lumped”’ resistance of value Ro = 8 ohms con- 
nected in series with it at the feed point. (a) What is the radiation 
resistance, R,, of the dipole? (b) What is the radiation efficiency 
factor, k,? (c) The directivity of a dipole approximately a_half- 
wavelength long is D = 1.64. What is the power gain, G, of this parti- 
cular dipole? 

10. The two VHF television bands are 54 to 88 Mc (low band) and 
174 to 216 Mc (high band). (a) What are the percentage bandwidths 
of each of these two bands? (b) Ifasingle receiving antenna is designed 
to perform satisfactorily at all frequencies between the bottom end of 
the low band and the top end of the high band, what is its bandwidth, 
expressed in the conventional way? 


4. 


Basic radiators 


and feed methods 


The preceding chapters have been largely groundwork, covering 
principles, concepts, and terminology, as well as some basic antenna 
theory. Itis now possible to discuss specific antennas. 

Initially the basic forms of radiating structures will be discussed. 
They are sometimes used by themselves as simple antennas; they 
may be very effective in some applications. They are also used in 
combination with each other and with other components to form 
more complicated antennas having special properties such as high 
directivity, large bandwidth, omnidirectionality, steerable beams, 
low noise, and so on. These more complicated antennas are des- 
cribed in Chapters 5,6, and 7. The properties of the basic radiators 
will be discussed in terms of their behavior in free space, except for 
specific types that require the presence of the earth for their opera- 
tion, as will be indicated in the discussion. It will also be assumed, 
except where specifically otherwise stated, that current-carrying 
portions of the antennas are perfect conductors. The conductors of 
actual antennas are usually very good so that this assumption is 
reasonably well approximated in practice. When some conductor 
losses do occur, the principal effect is to reduce the efficiency, as 
defined by Eq. 3-27. Ordinarily the pattern (and hence the direc- 
tive gain and beamwidth) are not seriously affected, although appre- 
ciable conductor resistance would affect these parameters also. 
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4-1. Short Dipoles 


Perhaps the simplest and most important radiating structure, 
from the viewpoint of antenna theory, is the electrically short dipole 
with uniform current along its length. ‘‘Electrically short”’ means 
‘*short compared to a half wavelength.” 

Throughout this book, the term short dipole is understood to mean 
simply a dipole that is much shorter than a half wavelength, but not 
necessarily one with a uniform current. The term is generally 
applied to any dipole that is no longer than about a tenth of a wave- 
length (0.1). Isolated short dipoles do not ordinarily have uniform 
current throughout their length, but approximate uniformity of the 
current may be achieved by capacitive end loading, as will be des- 
cribed later in this section. 

A short dipole that does have a uniform current will be called an 
elemental dipole. Such a dipole will usually be considerably shorter 
than the tenth-wavelength maximum specified for a short dipole. 
The term infinitesimal dipole may be used to imply extreme shortness, 
as required in certain mathematical analyses. Other terms some- 
times used for an elemental dipole are elementary dipole, elementary 
doublet, and Hertzian dipole. Part of the importance of this type of 
dipole is that many more complicated antennas can be analyzed by 
considering them to be assemblages of many elemental dipoles. 
For example, a long-wire antenna may be regarded as composed of 
many elemental dipoles connected end-to-end. Although the cur- 
rent is considered constant (at any instant of time) along the length 
of each elemental dipole, the currents in different dipoles may be 
different, both in magnitude and phase; therefore, a nonuniform 
current in the long wire can be approximated by this representation. 

If a short dipole is initially in a neutral condition and then a cur- 
rent starts to flow in one direction, one half of the dipole will 
acquire an excess of charge and the other a deficit (since a current is 
a flow of electrical charge). There will then be a voltage between the 
two halves of the dipole. If the current then reverses its direction, 
this charge unbalance will be first neutralized and then reversed. 
Therefore an oscillating current will result in an oscillating voltage 
as well (or vice versa). If the current oscillation is sinusoidal, the 
voltage oscillation will also be sinusoidal and approximately 90 
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degrees lagging the current in phase angle; that is, the short dipole is 
capacitive in nature, from the viewpoint of its current-voltage 
relationship. 

Since such a dipole can be regarded as one in which electric charge 
oscillates, it is an oscillating electric dipole. It is distinguished from 
an oscillating magnetic dipole, which is equivalent to a bar magnet 
whose magnetic strength and polarity oscillate. An example of a 
magnetic dipole is discussed in Sec. 4-5. 

The current, though uniform throughout the length of the elemen- 
tal dipole at any instant, is assumed to vary sinusoidally in time, 
according to the equation 


I(t) = Ip sin (Qnft + a) (4-1) 


where /(t) is the current at any time f¢, J, is the amplitude of the cur- 
rent (the rf peak value), fis the frequency in cycles per second, t¢ is the 
time in seconds, and a is the phase angle (which simply means that 
when ¢ = 0, /(t) = J, sin «). 


Dipole Radiation. It is a well-known fact of elementary electrical 
theory that current in a wire is accompanied by a magnetic field sur- 
rounding the wire, and also that a voltage existing between two 
conductors, or different parts of a conductor, is associated with an 
electric field in the intervening and adjoining space. A dipole anten- 
na, therefore, will be surrounded by an electric field and a magnetic 
field. The nature of these fields at an instant of time in the vicinity 
of the dipole is indicated in Fig. 4-1. 

The current and voltage of an rf dipole change direction (polarity) 
at a rate determined by the frequency f and undergo a sinusoidal 
variation of their magnitudes as shown (for the current) by Eq. 4-1. 
At a given instant, however, they have a particular direction, and the 
field lines have a corresponding direction, as shown in Fig. 4-1. 
When the current direction reverses, the direction of the magnetic 
field lines reverses also; and when the voltage polarity reverses, the 
electric field reverses direction. 

The field lines are shown only in the immediate vicinity of the 
dipole, and only a few lines are shown. In principle, however, they 
fill the entire space around the dipole and would extend to an infinite 
distance from it if the dipole were located in empty space and if the 
current had been flowing in it for an infinite time. But the fields do 
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not exist at an infinite distance as soon as the current starts flowing. 
They travel outward from the dipole at the finite speed c = 3 x 10° 
meters per second (in empty space and at practically the same speed 
in air). 

Therefore, by the time the field lines corresponding to a given 
polarity of the dipole have reached a distance from the dipole equal 
to 4(c/f), which is a half wavelength as defined by Eq. 1-1 of Chapter 
1, the dipole polarity has reversed, and the new field lines being set up 
in the region immediately adjoining the dipole have directions oppo- 
site to those at the distance 4(c/f) = A/2. As the oscillation of 
current and voltage in the dipole continues, the outward-traveling 
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Figure 4-1. Configuration of electric and magnetic fields (approximate) in 
the immediate vicinity of an elemental-dipole radiator. (qa) Electric field lines. 
(b) Magnetic field lines. 


field lines will evidently have opposite directions at half-wavelength 
intervals along the direction of travel. This oscillating outward- 
traveling field is an electromagnetic wave, which has been radiated by 
the dipole. The approximate configuration of the electric-field 
component of this wave, in a region extending several half wave- 
lengths from the dipole, is shown in Fig. 42a, and the magnetic- 
field component is shown in Fig. 4-20. 

It is noteworthy that some of the electric field lines, rather than 
terminating on charges in the conductors, form closed loops in space 
—something that cannot occur in the electrostatic case (where the 
field is due to a steady or d-c voltage). This field configuration, 
resulting in radiation, is an electrodynamic phenomenon; it happens 
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Figure 4-2. Configuration of electric and magnetic field lines in radiation 
field of an elemental-dipole radiator. (a) Electric field. (b) Magnetic field. 
Electric field lines are shown in a plane containing the dipole axis, and magnetic 
field lines are shown in the plane through the center of the dipole perpendicular 
to its axis. (Dipole is perpendicular to plane of paper in Figure 4—2b.) 
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only with varying currents and voltages, and with moving fields. At 
much greater distances than those shown in Fig. 4-2, however, the 
‘closed ends” of the loops virtually disappear, leaving only field 
lines that are transverse to the direction of propagation of the waves, 
as in Fig. 1-1, Chapter 1. 

Not all the field in the vicinity of the dipole represents radiation. 
When the dipole polarity reverses, some of these field components 
“collapse” upon the conductor, causing induced voltage and current 
associated with the inductance and capacitance of the dipole conduc- 
tor. These are the field components that decrease rapidly with 
distance from the dipole, as discussed in Chapter 3 (see Fig. 3-3). 
One component, the static field, decreases as the inverse cube (1/r*) 
of the distance r. A second component, the induction field, decreases 
as the inverse square (1/r?) of the distance. These two components 
comprise the near field of the dipole. The third component, which 
decreases as the inverse first power of the distance (1/r), is the radia- 
tion field. Because of their more rapid decrease with distance, the 
static and induction fields become very much smaller than the radia- 
tion field at great distances from the dipole; in fact, at a distance of a 
few wavelengths, the radiation field is so very much the strongest 
component that the near-field components are virtually negligible. 
Close to the dipole, however, the near-field components are much 
stronger than the radiation components. 

The existence of the radiation field was, for this reason, unnoticed 
in the earliest experiments with electricity. Its existence was first 
demonstrated about 1887 by the classical experiments of the German 
physicist Heinrich Hertz, although it had been predicted theoretically 
about 25 years earlier by the English mathematical physicist James 
Clerk Maxwell. 

Electric and magnetic fields represent energy. The static and 
induction fields represent stored energy that is returned to the con- 
ductor, just as the fields associated with coils and condensers of an 
electric circuit return energy to the circuit when the current or voltage 
maintaining the field is removed. The radiation field, on the other 
hand, represents electromagnetic energy flowing outward into space. 
From the viewpoint of the dipole conductor, it is “‘lost”’ in the same 
sense that electrical energy is lost when it is converted into heat 
energy in a resistance. As was mentioned in Sec. 3-7, this energy 
loss is in fact ascribed to a hypothetical “‘radiation resistance,” which 
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is a helpful concept for theoretical considerations involving the 
antenna input impedance, efficiency, and radiated power. 

In the radiation field there is a continual exchange of energy 
between the electric and magnetic field components. As part of his 
theory, Maxwell postulated that an electric field acting in empty 
space causes a “displacement current’’ just as it causes an electron 
current in a conductor. He further hypothesized that this dis- 
placement current has the same ability to set up a magnetic field as 
does an electron current. Many experiments confirm this theory, 
which is now unquestioned. A varying electric field therefore 
causes a varying displacement current, which in turn results in a 
varying magnetic field. The magnetic field, in its turn, creates a 
varying electric field in accordance with Faraday’s law of induction. 
The cycle is thus complete; each field component sustains the other, 
and in regions remote from conductors or charges (empty space), one 
cannot exist without the other, in the fixed ratio given by Eq. 1-10, 
Chapter 1. 

That electric and magnetic fields represent energy may be demon- 
strated by placing a charged object in an electromagnetic field. The 
field will exert a force upon such an object and cause it to move if 
there are no restraining forces. This effect occurs, for example, 
when radio waves encounter the earth’s ionosphere, in which there 
are free electrons. These electrons are accelerated by the field, which 
means that kinetic energy is imparted to them. The energy is sup- 
plied by the electromagnetic field. Similarly, an electromagnetic 
field impinging on a receiving antenna transfers energy (power) to it, 
which may be amplified by the receiver and eventually converted into 
sound variations in a loudspeaker, light variations on a television 
screen, or some other form of intelligence. 


Pattern of an Elemental Dipole. If an elemental dipole is placed at 
the origin of a spherical-coordinate system (Fig. 3-1) with its axis 
(direction of its length) parallel to the @ = 0 direction (the z-axis 
of the corresponding cartesian-coordinate system), the radiated field 
may be considered for any point in space whose position is given by 
the coordinates r, 0, 4; and the electric field intensity will then be 
designated E(r, 6,4). The geometry of this situation is shown in 
Fig. 4-3. 

Analysis based on Maxwell’s equations shows that the radiation 
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field (far field) of this radiator is given by 


607// sin @ 
E(CR0d) ee (4-2) 


where / is the length of the elemental dipole and / is the dipole 
current, in amperes. If /, A, and r are in meters, and J is in rms 
amperes, E is obtained from this formula in rms volts per meter. 
The fact that the angle ¢ does not appear in this expression means 
that for fixed values of r and 0, E does not vary as ¢ varies, that is, E 
is independent of ¢. Stated otherwise, the pattern of £ in any plane 
parallel to the xy-plane (i.e., a plane in which ¢ varies but 0 does not) 
is a perfect circle. It also means that the pattern of F in all planes 
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Figure 4-3. Relationship of elemental dipole radiator to spherical coordinate 
system. 


containing the z-axis (09 = 0-axis) will be exactly alike; for example, 
the pattern in the xz-plane will be the same as the pattern in the yz- 
plane. Finally, it means that all significant information concerning 
the three-dimensional pattern is contained in just one of these plane 
patterns in which 6 is the angle variable. The relative pattern in 
such a plane, as given by Eq. 4-2, is shown in Fig. 44. 

This pattern shows only the variation of the rms value of E (or the 
amplitude, depending on whether J in Eq. 4-2 is taken to be the rms 
value or the amplitude of the current), as functions of rand 6. The 
polarization is also of interest. It is linear, and in the 6 = 90° plane 
(the plane through the dipole center perpendicular to the dipole 
axis) the polarization is parallel to the dipole axis. At any general 
field point the polarization is by definition the direction of the 
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electric field lines. These lines, in the radiation field, are always 
perpendicular to a line from the dipole center to the field point, and 
they lie in a plane containing this line and the dipole axis. 

The magnitude of F, given by Eq. 4-2, and its direction in space 
(polarization) are two properties of a radiation field that must be 
specified for a description of the field. A third quantity also to be 


180° 


Figure 4-4. Relative electric-intensity pattern of elemental (or short) dipole 
in a plane perpendicular to the dipole axis. (E = |sin 6|). (Note: The range 
of the angle @ in this diagram is 0—-360°, to indicate that the pattern is shown 
in a whole plane. Strictly, however, since the spherical colatitude coordinate 
6 has a maximum value of 180°, the angles on the left side of the diagram should 
go from 0 to 180° like those on the right side.) 


specified is the relative phase of F as a function of 6 and ¢ for a fixed 
value of r. For the elemental dipole field the phase is constant for a 
fixed value of r; that is, it does not vary as 6 and ¢ are varied. The 
absolute phase of E may be expressed as a function of the distance r 
and the phase of the current J. Relative to the phase of J, the phase 
angle of the electric field F at distance r is 


(1 _ +] radians (4-3) 
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This expression, as well as Eq. 4-2, applies only in the far field, which 
means at values of r of the order of A or greater. 

The relative-power-density pattern may be obtained from Eq. 4-2 
by making use of the relation ZY = E?/377 (Eq. 1-9). (It is useful 
here to note that the number 377 actually represents the quantity 
1207.) The result is 


307171? sin? 6 
LAGER) Sense (4-4) 


This formula gives Y in watts per square meter when J is in rms 
amperes and all lengths are in meters. 


Radiation Resistance. The total power radiated by an elemental 
dipole is found by integrating A(r, 0, f) over the surface of an imagi- 
nary sphere at a fixed value of r. For the benefit of those readers 
who have some knowledge of integral calculus, the formula for this 
integration is 
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The radiation resistance may now be calculated, from Eq. 3-25, by 
dividing Prota; by 17. The result is 


2 
1 790 <5 ohms (4-6) 


For example, if //A = 0.1, R, = 7.9 ohms. (It will be recalled that 
this value of //A was stipulated at the beginning of this section to be 
approximately the maximum permissible length for an antenna to 
qualify as an elemental dipole.) The dipole current required for one 
kilowatt of power with this value of radiation resistance is 11.3 amp 
(a rather large current). This result indicates a major disadvantage 
of short dipoles, namely, the very large currents required for radia- 
tion of appreciable power. Therefore, radiators with larger values 
of radiation resistance are preferred when they can be used; but this 
is not always possible, and short dipoles are very useful radiators 
under these circumstances. 
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Directivity. The directivity, or maximum directive gain, of an ele- 
mental dipole can be computed from the foregoing results, together 
with the fundamental definition, Eq. 3-18. The numerator of Eq. 
3-18 is given by Eq. 44 with @ = 90° so that sin? 6 = 1 (the maxi- 
mum value). The denominator, as shown by Eq. 3-11, is Protai/47r?, 
where Protai is given by Eq. 4-5. The complete expression for the 
directivity (with 790 written as 8077) is 


272 2)2 
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Thus the maximum directive gain is 1.5 regardless of the exact length 
/in relation to the wavelength A, as long as the radiator qualifies as 
an elemental dipole. In fact, this result applies to any short dipole. 


Beamwidth. If Fig. 44 is interpreted as a bidirectional pattern, the 
elemental-dipole pattern does not qualify as a unidirectional beam. 
When it is realized that this pattern is simply a “slice” through the 
three-dimensional pattern, however, another interpretation can be 
made. The total pattern in space is shaped like a doughnut (with a 
pin-sized hole). The two lobes of Fig. 44 are really two slices 
through the same lobe, whose angular width may therefore properly 
be discussed. 

The half-power beamwidth may be determined either by measuring 
the angular width of the pattern, as plotted in Fig. 44, between the 
points of electric intensity equal to 0.707E,x (on a larger-scale 
precise plot), or from analysis of Eq. 44. The only factor in this 
expression that varies as 6 varies is sin? 8. Therefore this factor de- 
termines the pattern and the beamwidth. The quantity sin? 6 has 
its maximum value when @ = 90°, at which point it has the value 
unity (1). The half-power beamwidth is determined, therefore, by 
finding the values of @ that make sin? 6 equal to 4. The values are 
6 = 45° and @ = 135° (that is, these are the two values nearest to 90° 
that meet this requirement.) The half-power beamwidth is there- 
fore 135 — 45 = 90°. 


Input Impedance. The input impedance of a short dipole, when it is 
fed at a small gap near its center, consists of the radiation resis- 
tance in series with a large value of capacitive reactance (equivalent 
to a small series capacitance). Also in series is the equivalent 
loss resistance Ry (Eq. 3-26) when its value is large enough to be 
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significant in relation to R,. An equivalent circuit of the dipole, as it 
looks from the viewpoint of the transmission line, is shown in Fig. 
4-5. Of course there is not actually a ‘“‘series condenser” in the 
dipole; this circuit merely represents the impedance in a lumped- 
circuit equivalent form. Because the value of the equivalent series 
capacitance is very small, it represents a high value of capacitive 
reactance, which must be “‘tuned out” by including an inductive 
reactance of equal value in the feed circuit. Then the voltage 
supplied by the transmission line need not be extremely high. The 
current must be high, however, in order to radiate appreciable power, 
as indicated by Eq. 3-25. (In effect this equation shows that the 


Transmission Transmission 
line 


R, 
Eirct er terminals 
Dipole input 
terminals 
Dipole 


(a) 
Figure 4-5. Equivalent and actual circuits of Jost short dipole. 
(a) Equivalent circuit. (b) Center-fed dipole and feed line. 


radiated power is P = J?R,; so if R, is small, J must be large to make 
P large.) 

This high current, flowing through the inductive and capacitive 
reactances, produces very high voltages across the feed-circuit induc- 
tor and across the antenna input terminals, even though the trans- 
mitter itself does not have to supply a high rf voltage (because the 
inductive and capacitive reactances cancel, leaving only R, and Ro 
as the effective transmitter load). If the input resistance R, 
(= Rp, + R,) is very small, a more complicated arrangement than 
that shown in Fig. 4-6 may be required to provide an impedance 
transformation in addition to reactance cancellation. Therefore 
feeding a short dipole antenna is somewhat difficult. In particular, 
the inductance in the feed circuit, when high power is being radiated, 
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must be very large both to withstand the high voltage and to carry 
the heavy current without excessive loss. These are expensive 
requirements. 


Short Dipole with Nonuniform Current Distribution. An isolated 
elemental dipole cannot actually be achieved as a physical reality; it 
is more of a concept, like the isotrope, than a practical radiator. 
Some types of dipole radiators do exist that approximate the proper- 
ties of the elemental dipole. If an actual short dipole is fed in the 
manner shown in Fig. 4—5d, current will flow in the dipole conductor, 
and radiation will occur. The current in the conductor, however, 
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Figure 4-6. Method of tuning out dipole capacitive input reactance with series 
inductance (L). (a) Equivalent circuit. (5) Dipole with input tuning coils. 
Reactance cancellation results when 27fL = 1/27fC. 


will not be uniform as assumed for an elemental dipole, and there- 
fore Eqs. 4-2 to 4-6 will not apply to its radiation without modifi- 
fication. The necessary modification turns out to be very simple. 
Because the short dipole conductor is ‘“‘open” at both ends, that 
is, not connected to anything, the current at these points must be 
zero. (Physical theory exists to support this statement, although 
here it will simply be assumed to be intuitively obvious that a current 
cannot exist where it has “no place to go.’”) At the same time, 
current can exist elsewhere in the dipole. This statement would seem 
to violate the physical principle of continuity for electric current, 
which implies that a current must have the same value everywhere 
along a continuous conductor. It will be recalled that this is not 
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true in a transmission line on which a standing wave exists (Sec. 2-1). 
The current in the dipole is a standing wave. It may be thought of 
as two equal and opposite currents (the reverse current is due to 
reflection from the open end) that, at the ends of the dipole, have 
exactly opposite phases and thus cancel, resulting in zero current. 
The cancellation is incomplete (because of the changing phase 
relationship) at points a short distance from the end and becomes 
progressively less complete going from the ends to the center. The 
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Figure 4-7. Current distribution in a short open-ended center-fed dipole. 
(Gap at center is assumed to be of negligible length.) 


principle of continuity is satisfied for the currents traveling in each 
direction, separately. 

When the dipole is very short compared with a wavelength, as 
assumed, the current will vary approximately Jinearly along the 
dipole from end to center. This means that a graph representing 
the current as ordinate J, and distance from the end to the center of 
the dipole as abscissa x, is a pair of sloping straight lines forming a 
triangle, as shown in Fig. 4-7, with zero value at the left end (end 
of the dipole, x = —//2), maximum value, Imax, at the center, 
x = 0, and zero value again at the right end (x = +//2, / being the 
total length of the dipole). It can be shown that the short dipole 
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with linear current distribution is like an elemental dipole with an 
“effective length” equal to half its actual length, and a uniform 
current equal to the current at the center of the actual dipole. 
Equations 4—2 to 4-6 may be used to describe the behavior of the 
actual short dipole if / in these equations is replaced by (//2). With 
this modification, the entire discussion of the elemental dipole, 
including the feedpoint impedance considerations, applies to the 
actual short dipole. The directivity and the beamwidth—in fact, 
the total pattern—are the same for the open-ended short dipole and 
for the elemental dipole. 


Short Vertical Antenna with Ground Image. At very low frequencies, 
below 500 kc, for example, the earth in most localities is a nearly 
perfect reflector of radio waves. Since a wavelength at these fre- 
quencies is physically quite long (about 2000 feet at 500 kc, for 
example, and about 19 miles at 10 kc!) it is difficult to get a horizon- 
tal antenna high enough above the earth to produce appreciable 
low-angle radiation (based on the principles illustrated in Figs. 
1-14 and 1-15). Moreover, antenna lengths that are an appreciable 
fraction of a wavelength are quite long, and expensive. 

If a vertical antenna is erected with its base at the ground, it will 
be imaged in the ¢arth in accordance with the principle of images 
(see Sec. 1-2). The phase of the equivalent current in the image 
conductor is such that the antenna-plus-image may be considered a 
single antenna in free space. Since the height of the vertical antenna- 
plus-image, 2h, will usually be a small fraction of a wavelength, the 
radiation is like that of a short dipole in free space. This com- 
bination of a half dipole in conjunction with its image in a reflecting 
surface is known as a monopole, although this terminology is most 
commonly used at high frequencies. 

The pattern, however, is actually only half the free-space pattern, 
since the earth “cuts off” the other half. For a given current at the 
base of the antenna, the total radiated power is only half as great as 
it would be for the antenna-plus-image in (actual) free space with the 
Same maximum current, as is found by substituting 7/2 for 7 in the 
6-integration of Eq. 4-5. Therefore, the radiated power and radia- 
tion resistance are only half as great as the values calculated on the 
free-space antenna-plus-image basis. Although the length of the 
antenna-plus-image is 2h, the effective length (due to the nonuniform 
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current) is half as much, that is, h. The radiation resistance of the 

monopole is found, by making these modifications in Eq. 4-5, to be* 
2,2 2 

R= ==> (4-8) 

On the other hand, because the total power radiated is effectively 
concentrated into half the solid angle of the free-space case, by the 
reasoning given in Chapter 3 (e.g., Eq. 3-17), the directivity (maxi- 
mum directive gain) will be twice that of a free-space short dipole. 
Thus for the monopole, Dna, = 3. (Compare Eq. 4-7.) The pat- 
tern in the horizontal plane is uniform (circular), that is, equal signal 
strength is radiated in all horizontal directions. The radiation is 
vertically polarized. The half-power vertical beamwidth is half that 
of the free-space short dipole (i.e., 45 degrees) since the earth elimi- 
nates half of the pattern. However, calculations of field strength at 
a distance in the actual earth environment cannot be made on the 
basis of these “‘semi-free-space”’’ results because the propagation of 
the vertically polarized waves depends on the semi-guiding effect of 
the earth’s surface, and at very great distances the ionosphere plays 
a part, as discussed in Sec. 1-4. 

A vertical radiator of this type may take the form of a steel tower 
with its base insulated from earth; then it is fed by connecting the 
source (transmitter) between the tower base and the ground, with an 
inductance in the feed line to compensate for the capacitive reactance 
of the antenna. The ground is a source of appreciable loss unless 
care is taken to minimize the resistance of the ground connection. 
In high-power transmitting installations an elaborate network of 
buried wires is used to make a good connection. 


Top-Loaded Antenna. As has been indicated in the discussion of 
input impedance, in this section, the low radiation resistance of a 
short dipole together with the high capacitive reactance component 
of the input impedance create a difficult feed problem. As Eq. 4-8 
shows, the radiation resistance can be increased by increasing the 


* This equation may also be written R, = 1580h,7/A?, where h, is the effective 
height of the monopole. To compare this result with the dipole formula, 
Eq. 4-6, it must be realized that h, corresponds to //2. Therefore, the radiation 
resistance of a monopole of effective height h, is half that of the corresponding 
dipole of effective length | = 2h,. 
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effective height. This can be done either by increasing the actual 
height, or by changing the current distribution in the antenna so as 
to increase the effective height. As has been explained in the dis- 
cussion of a short dipole with nonuniform current distribution, with 
a linearly decreasing current that has zero value at the end of the 
radiator the effective height is only half the actual height. If the 
current can somehow be made uniform, the effective height becomes 
equal to the actual height, and the radiation resistance is increased 
by a factor of 4 (because the effective height is squared in the radia- 
tion-resistance formula, i.e., the numerical constant 395 in Eq. 4-8 
becomes 1580 if / is interpreted as the effective height). 

Current uniformity can be either totally or partially accomplished 
by “top loading”’* the antenna. This procedure consists of running 
wires approximately horizontally from the upper end of the dipole. 
These wires do not radiate, but their capacitance to ground results in 
larger current at the upper end of the vertical conductor. If this 
**flat top” of horizontal wires is sufficiently extensive, and the verti- 
cal section is of “‘short dipole” length, the vertical current distribu- 
tion may be made practically uniform (as assumed in analysis of 
elemental dipoles) so that the effective height is equal to the actual 
height. When the top loading does not produce approximately 
uniform current in the vertical section, the result is an effective height 
less than the actual height but greater than the effective height with 
no-top loading. 

The top loading also has the effect of reducing the magnitude of the 
Capacitive-reactance component of the input impedance. This 
means that much less inductance is needed in series with the feed 
line, and also that for a given radiated power the voltage across this 
inductance and at the antenna base will be greatly reduced. This 
effect is perhaps the greatest benefit of top loading in high-power 
installations, since voltage breakdown and corona losses on the 
antenna are serious problems. 

Top-loaded short vertical radiators at very low frequencies take 
many physical forms. A typical one is illustrated in Fig. 4-8. The 
flat top, as shown, is strung between two vertical towers, and the 
vertical radiating portion is supported at the center of the flat-top 


* The equivalent procedure for a dipole would be called end loading. The 
term top loading is used simply because the end of the monopole is at the top. 
On a dipole, both ends would be “‘loaded,”’ symmetrically. 
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span. The flat top is insulated from the towers, and the antenna is 
fed at the bottom of the down lead through an inductance; the other 
side of the feed line is grounded through a network of buried con- 
ductors. 

A dramatic form of this type of antenna is the Navy’s Jim Creek 
VLF installation (in the state of Washington), which operates in the 
10 to 30 kc frequency region. This flat top is a conductor supported 
between two mountains over a mile apart, and the vertical radiating 
portion is close to 1000 feet in height. Another Navy installation at 
Cutler, Maine, has towers nearly 1000 feet high; but even these 
heights are short compared to the wavelength at these frequencies 
(A°~ 33,000 feet at f = 30 kc). 
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Figure 4-8. A top-loaded short-monopole antenna, semischematic. 


To illustrate the loss problem with electrically short vertical 
antennas using ground images, typical radiation efficiency factors 
(k,, Eq. 3-27) range from 0.05 to 0.5 (often expressed as 5 to 50%). 
The majority of the loss occurs in the ground resistance, though some 
occurs in the feed-line tuning coil and, in very high-power installa- 
tions, in insulator leakage losses and corona. (Efficiencies of high- 
frequency antennas are often close to 100%.) 


42. Current and Voltage in Longer Antennas 
Electrically short antennas have been discussed in some detail 


because they are of both theoretical and practical importance. At 
higher frequencies, beginning in the megacycle region and especially 
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in the HF region and above, longer electrical lengths become feasible, 
and their use results in certain advantages. In particular, the 
difficulties encountered in feeding short dipoles are eliminated, and 
higher directivities may be obtained. The input impedance of longer 
antennas may be made nonreactive, and the radiation resistance is 
usually much higher than that of a short dipole. 

The variation of current and voltage along the length of longer 
antenna wires is more complicated than for short or elemental 
dipoles. For an elemental dipole it was assumed that the current is 
uniform (constant) along the conductor at any instant of time, 
although varying in time according to Eq. 4-1. For a short dipole 
without capacitive end loading, the current varies in a /inear (straight- 
line) fashion, as shown in Fig. 4-7. The voltage, though not shown 
in Fig. 4-7, is of opposite polarity on either side of the feed-point 
gap and has virtually constant amplitude along the conductor length. 

The patterns of variation of the current and voltage along the con- 
ductor are called the current and voltage distributions of the antenna. 
These distributions are important in understanding the radiation 
properties of various antenna lengths and feed arrangements. 

The current and voltage distributions on open-ended long antenna 
wires are basically similar to the standing waves of current and 
voltage on an open-ended two-wire transmission line. This stand- 
ing-wave pattern is shown in Fig. 4-9a. (The voltage distribution 
is the same as shown in Fig. 2-5, Chapter 2, for Z,->oo.) The 
voltage maxima (loops) occur at the end of the line, and at other 
points an integral number of half wavelengths from the end. The 
voltage has zero values (nulls or nodes) at points an odd number of 
quarter wavelengths from the end. The current has loops at the 
voltage nodes, and the current nodes are at the voltage loops. 

These patterns are plotted with both positive and negative “‘ampli- 
tudes”’ (J, and V,) to emphasize the phase reversals. The same 
phase information is conveyed by the phase distribution patterns of 
Fig. 4-95, which show that the phases of the voltage and current are 
constant in the intervals between the nodes and that a sudden change 
of 180 degrees occurs at the nodes. It is also shown that the current 
and voltage are everywhere 90 degrees out of phase with each other. 
(A 270-degree phase difference is equivalent to 90 degrees.) 

If now the wires in the end quarter-wavelength section of the 
open-ended two-wire line are bent outwards at right angles to their 


168 Basic Radiators and Feed Methods Ch. 4 


Io, 
Vo 
(a) 
+ 180° 
Voltage 
+90° 
Current ! 
ESAS Li ye ES ed r—-it—-|----~+ 0° 
| | | 
| : : 20 
| | | 
—— eee nnn =e | _ 180° 
(b) 


Transmission line 
en a SY (”) 


Input end Open end 


eS (”) 


Figure 4-9. Voltage and current standing wave patterns on an open-ended 
uniform transmission line, assuming no line losses. (a) Amplitude. (5) Phase 
angle. 


original directions in the plane of the line, as shown in Fig. 4-10a, 
the result is a half-wave center-fed dipole. Figure 4-105 shows the 
current and voltage distribution on the dipole. Essentially it is the 
same pattern that existed on these wires before they were bent to 
form the dipole, with zero current at the ends and maximum current 
at the center. The voltage is maximum at the ends and zero at the 
center. These features are the same as those of the short open- 
ended dipole, whose current distribution is shown in Fig. 4-7. The 
difference is that the variation is no longer linear; it is sinusoidal. 
If the current and voltage are expressed as functions of the distance x 
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measured along the wire from one of the open ends of the antenna, 
the phasor* amplitudes are given by the equations: 


Io(x) = JToum sin (=) (4-9) 
27x 
Vel) = Voom cos (=*) (4-10) 


where Jom) and Vom) are the maximum amplitudes. These equations 
do not show the time variation, or instantaneous values; they are 
obtained by multiplying the amplitudes by the factor sin (27ft + a), 
as in Eq. 4-1. 
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Figure 4-10. Current-voltage distribution on half-wave dipole. Comparison 
with Figure 4—9 indicates correspondence with distribution on open-ended 
transmission line. (a) End-quarter-wave section of two-wire line bent back 
to form half-wave dipole. (b) Amplitude distribution of voltage and current 
on half-wave dipole. (c) Voltage phase distribution (solid) and current phase 
(dashed). 


The space-time relationships of current and voltage on a half-wave 
dipole are somewhat difficult to visualize at first, but the reader who 
is not already familiar with them should make an effort to do so. 
As an aid in this effort, Fig. 4-11 shows the instantaneous patterns of 
current and voltage on the dipole at several instants during a single 
rf cycle. In these diagrams, the rf period T is the time for completion 
of a single cycle; it is equal to 1/f, where f is the frequency in cycles 
per second. The patterns are drawn assuming that at zero time 


* In these expressions, the j factor indicates that the current is 90 degrees out of 
phase with the voltage, and the positive and negative sign changes resulting 
from the sine and cosine functions of x indicate the 180-degree phase changes 
that occur at the standing-wave nodes. Jom) is the value of J)(x) that occurs at 
x = X/4, and Vom is the value of Vo(x) that occurs at x = O and x = A/2, 
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(t = 0) the current is at its instantaneous maximum value (corres- 
ponding to a = 7/2 in Eq. 4-1). 

Linear antennas longer than a half wavelength are also used. 
They may or may not be fed at their centers. On each side of the 
feed point, the current and voltage distributions are determined by 
Eqs. 4-9 and 4-10. For correct operation of such an antenna, with 
a balanced two-wire line, the lengths of wire on either side of the 
feed point must be the same or must differ by an integral number of 
half wavelengths. Linear antennas of this type, on which standing 


Jaa 
Vis : 
CLES t= 37/4 
<— \/2—> 
i aS 
f= 7/8 t=7T/8 
iS 
~ 
A x 
t=T/4 a fh 


Figure 4-11. Instantaneous distributions of half-wave-dipole current (dashed 
lines) and voltage (solid lines) at various times (+) during one rf cycle (period 
T= 1/f). (Att = 0, 7/2, and T the voltage is zero everywhere, and att = T/4 
and 37/4 the current is zero everywhere.) The t = T diagram is identical to 
the ¢ = 0 diagram, indicating that the cycle is complete and starting over. 


waves of current and voltage exist owing to reflections from the end 
of an open-ended wire, are called resonant antennas. 

At the gap in the antenna wire across which the feed line is con- 
nected, the antenna voltage distribution undergoes a 180-degree 
phase reversal, but the current phase is the same on either side of the 
gap. Therefore, if the feed point is at a current loop (voltage node), 
the distributions over the entire antenna length will be the same as 
they would be in an unbroken wire of the same length (case 1). 
This situation exists when the wire lengths on each side of the feed 
point are odd integral multiples of a quarter wavelength. But if the 
feed point is at a voltage loop, which will be the case if the wire 


Sec. 4-2 Current and Voltage in Longer Antennas 171 


lengths on each side are integral multiples of a half wavelength, the 


vf 
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Figure 4-12. Voltage-current distributions on a full-wave antenna fed at end 
or current loop (a) and at center (voltage loop) (6). 


antenna phase pattern is not the same as it would be on an unbroken 
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wire (case 2). The voltage-current-phase patterns for these two 
cases are shown in Fig. 4-12, for a total antenna length of one wave- 
length. Antennas of the first type, having the unbroken-wire type 
of distribution (obtained by feeding either at one end or at a current 
loop), are properly termed /ong-wire resonant antennas; those of the 
second type, in which the feed point is a voltage loop, are actually 
two-element collinear arrays. (If the total antenna length is one 
wavelength, as in Fig. 4-125, each element of this collinear array is a 
half-wave dipole, and for longer total lengths each element may itself 
be a long-wire antenna.) Because arrays are discussed in Chapter 5, 
only the true long-wire types will be discussed in this chapter, 
although some types of collinear and other long-wire arrays are 
sometimes loosely referred to as long-wire antennas. 

Actually these sinusoidal distributions of current and voltage are 
approximations rather than exact descriptions. They are slightly 
modified, on an actual antenna, by the radiation resistance of the 
antenna and by the fact that the antenna wires are not equivalent to 
a uniform transmission line. The radiation resistance, as well as any 
actual resistance in the antenna wire, results in a small component of 
current that is in phase with the voltage, rather than 90 degrees out of 
phase. But the sinusoidal approximation is quite good for linear 
antennas whose conductors are very thin compared to their length, 
and of high conductivity. (It is also assumed that the antenna wire is 
not close to any large irregular conducting bodies or dielectric 
material that would disturb the uniformity of the electrical environ- 
ment. In fact, a free-space environment is assumed, but the assumed 
distributions apply reasonably well in practical situations.) 

Antennas may also be designed to have uniform current and 
voltage amplitudes along their lengths, that is, no standing waves. 
This result is achieved by terminating the end of the antenna wire in 
a resistive load so that no reflection occurs. In one form of such an 
antenna (Beverage or wave antenna), the wire runs approximately 
horizontally above the earth, and the input terminals consist of one 
end of the wire and the ground. The terminating resistor is connec- 
ted between the other end of the wire and the ground. In another 
form (rhombic antenna) long wires form an array in the shape of a 
diamond (rhombus). The two sides of the diamond are fed at one 
vertex, and the terminating resistor is connected between them at the 
other vertex. The current and voltage are approximately constant 
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along the wires, but there is a gradual decrease of both with increas- 
ing distance from the feed point, owing to the radiation losses and 
the ohmic loss in the wire. The current and voltage are in phase 
with each other everywhere, rather than approximately 90 degrees 
out of phase as with standing-wave distributions, but their phases 
change linearly with distance along the wire in the amount of 27 
radians or 360 degrees for every wavelength. This description is 
characteristic of traveling waves, as described by Eqs. 1-2 and 1-3 
(Chapter 1) for waves in space, and by Eq. 2-3 (Chapter 2) for waves 
on wires. Antennas having traveling-wave current and voltage 


distribution are called nonresonant antennas, 


4-3. The Half-Wave Dipole 


The radiation patterns of linear antennas that do not qualify as 
“short dipoles”? may be found by considering them to be composed 
of a number of elemental dipoles placed end toend. For example, a 
dipole a half wavelength long might be approximated by five tenth- 
wavelength elemental dipoles end to end. The current in each 
elemental dipole would (by definition) be constant and equal to the 
average current in the corresponding section of the half-wave dipole, 
as indicated in Fig. 4-13. The current distribution is a half cycle 
of a sinusoid with the maximum at the dipole center, as in Fig. 4-10. 
The current has a constant phase angle everywhere on a half-wave 
dipole so that all the elemental dipoles are assumed to be in phase. 

The radiated field intensity at a distant point (field point) due to 
each elemental dipole is given by Eq. 4~2, and its phase angle is given 
by Eq. 4-3, with the distance r taken to be the distance to the field 
point from the center of the elemental dipole; that is, r will have a 
slightly different value in computing the field-point contribution of 
each elemental dipole. These slight distance differences will not 
significantly affect the relative intensities of the individual elemental- 
dipole fields, but they will affect the relative phases significantly. 
The total field at a distant point is the phasor sum of the contribu- 
tions of the individual elemental dipoles, in accordance with the 
principle of interference in Sec. 1-2. 

This method of analysis, as described thus far, is obviously an 
approximation and a rather crude one, when the half-wave dipole is 
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dissected into only five elemental dipoles. The accuracy of the 
approximation may be increased by dissecting it into more elemental 
dipoles of shorter individual lengths. But the labor of calculation is 
also thereby increased, if the phasor summation process is employed 
as described. 

The approximation may be made exact, however, and the tedious 
summation process avoided, by applying the methods of calculus. 
The half-wave dipole is then considered to be composed of an infinite 
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Figure 4-13. Approximation of actual half-wave dipole by five tenth-wave- 
length elemental dipoles, with currents equal to average current in correspond- 
ing segment of half-wave dipole. 


number of infinitesimal dipoles, and the phasor summation of their 
fields at a distant point is expressed as an integral. The resulting 
expression for the field of the half-wave dipole, at a distance r in 
the direction 0, ¢, obtained by solving the integral expression, is 


7 
cos (5 Cos a) 


sin 0 


607 


Ele OO bcmiean (4-11) 


where E is in rms volts per meter if r is in meters and / is the rms 
current in amperes at the center of the dipole. This pattern is seen 
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to be a slightly more complicated mathematical expression than that 
of the short or elemental dipole, Eq. 4~2, but the patterns are only 
slightly different. They are compared in Fig. 4-14. The half-wave 
dipole has a slightly narrower beamwidth—78 degrees compared to 
90 degrees for the short dipole. Consequently its directivity (direc- 
tive gain in the maximum direction) is slightly greater—1.64 com- 
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Figure 4-14. Half-wave-dipole, short-dipole, and isotrope patterns compared 
for equal power radiated (electric-intensity patterns), in plane containing dipole 
axes. 


pared to 1.5 for the short dipole. The power-density ratio is 
1.64/1.5 = 1.093, and the field-strength ratio 1.047.) 

The slightly greater directivity of the half-wave dipole is thus 
almost insignificant. Its advantage lies primarily in its increased 
radiation resistance and reduced or nonexistent feed-point reactance. 
The radiation resistance for an exactly half-wavelength dipole is 
found, by the method illustrated in the case of the elemental dipole, 
to be 73.1 ohms, referred to the maximum current point (dipole 
center). Therefore this is also the resistive component of the input 
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impedance when the dipole is fed at the center. There is also a small 
reactive component of 42.5 ohms, inductive. This small inductive 
reactance may be eliminated by shortening the dipole to about 957 
of a half-wavelength (i.e., to 0.475A). The radiation resistance 
(and input impedance) is then 67 ohms.* The pattern (beamwidth 
and gain) is not significantly affected by this slight shortening. 

These properties make the half-wave dipole especially attractive as 
a radiator for many purposes, at frequencies for which its length is 
not excessively large or minutely small. The results given for the 
radiation resistance and input impedance are free-space values for a 
conductor very thin compared to the length, with no ohmic resis- 
tance. Consequently they become somewhat modified for con- 
ductors of appreciable diameter or when the dipole is close enough 
to the ground or other conductors to result in “coupling.” Usually 
ohmic loss is small enough to be disregarded. Dipoles of larger 
diameter, and of special shapes and configurations, are discussed in 
Sec. 7-1. 

When a vertical quarter-wavelength radiator is erected with its 
base at or just above the ground, it is imaged in the earth so that its 
radiation may be analyzed as if it were a half-wave dipole in free 
space, subject to the same modifications as discussed for the short 
vertical dipole imaged in the ground. When the quarter-wave 
vertical antenna (monopole) is fed at its base with the other side of 
the feed line connected to ground, its radiation resistance and input 
impedance are just half the values for the half-wave dipole in free 
space, and the directivity is twice as great. The radiation is 
vertically polarized. Vertical radiators of other lengths may be 
similarly analyzed, that is, by use of the image principle. Vertical- 
tower radiators of heights up to about 5/8 wavelength are much 
used for broadcasting and other applications in the medium-fre- 
quency range of about 500 to 3000 ke. (Even higher vertical anten- 
nas may be used if they are “‘sectionalized”’ so that they become, in 
effect, collinear-array antennas, described in Sec. 5-2. A monopole 
too short to be a quarter-wavelength high, yet too long to be classed 
as a “‘short monopole,” may be capacitively top loaded (in the same 
general manner as described for short vertical monopoles) to result 
in virtually quarter-wave performance. 


* J. D. Kraus, Antennas, McGraw-Hill, New York, 1950, p. 369. 
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4-4, Long-Wire Antennas 


Antennas consisting of a single straight wire, either unbroken or 
with a feed-point gap at a current maximum when the antenna has 
standing-wave current distribution, are classed as long-wire antennas 
if their length is substantially greater than a half wavelength. Such 
antennas are not properly called dipoles. In fact, although the half- 
wave antenna is commonly called a half-wave dipole, there is even 
some doubt as to the propriety of this nomenclature.* A true 
electric dipole is equivalent to two equal and opposite polarity point 
charges separated by a definite distance; in this sense the elemental 
dipole and the short dipole are equivalent to oscillating electric 
dipoles, but longer antennas are not. However, usage sanctions 
the term for the half-wave dipole. 

The radiation patterns of long-wire antennas may be determined 
by the method described for the half-wave dipole by considering 
them to be composed of end-to-end infinitesimal dipoles. The 
current amplitude and phase in each infinitesimal dipole are taken to 
be the values indicated by the current distributions calculated from 
Eq. 4-9 (as shown for a one-wavelength wire in Fig. 4-12) for a 
resonant antenna. For a nonresonant antenna a constant current 
amplitude along the wire is assumed, with a linear phase change 
corresponding to a traveling wave of current (27 radians or 360 
degrees per wavelength). These current-distribution assumptions 
are valid for a thin wire of perfect conductivity, ignoring the effect on 
current distribution of the radiation losses. Therefore, the results 
are approximate, but useful in that they indicate the general nature of 
the radiation patterns. 


Patterns of Resonant Antennas. As shown in Fig. 4-14, the pattern 
of a short or half-wave dipole consists of a single doughnut-shaped 
lobe of radiation (appearing as two oppositely directed lobes in a 
“slice” or plane pattern containing the dipole axis). Long-wire 
radiators have more than one three-dimensional lobe, taking the 
form of cones of radiation. The axes of the cones coincide with the 


* As pointed out by S. Silver, Microwave Antenna Theory and Design, Volume 
12 of the MIT Radiation Laboratory Series, McGraw-Hill, New York, 1949, 
p. 98. 
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axis of the wire, and the sides of the cones are inclined at various 
angles with respect to the wire. As for the short dipole, the patterns 
are uniform (circles) in the plane perpendicular to the axis of the 
wire. 

There will be one cone-shaped lobe for each half wavelength of 
wire length, for both the standing-wave and traveling-wave antennas. 
The lobes are symmetrically disposed with respect to the plane that 
bisects the wire. Therefore, if there is an odd number of half wave- 
lengths, one lobe will be perpendicular to the wire, like the short- 
dipole lobe except that it is thinner (narrower beamwidth), more like 
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Figure 4-15. Patterns of resonant long-wire antennas. 


a pancake than a doughnut when the wire is many wavelengths 
long. When the wire length is an even number of wavelengths there 
is no perpendicular lobe. 

For the standing-wave or resonant antenna, the field strength 
(pattern) is given by 

nt 
cos (5 Cos 0) 
sin 0 


607 
E(r, 8, $) = —— 


where n is the number of half wavelengths in the wire length, assumed 
to be an odd number, and as usual E is in rms volts per meter if r 
is in meters, and J is the rms current at a current loop, in amperes. 


(4-12a) 
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For a wire an even number of wavelengths long, the equation 
becomes 
i fir 
607 || 32 (5 Cos a) 


E(r, 6, ) i. Tipe: sin @ (4-125) 
The nature of these patterns is shown in Fig. 4-15 for an odd and an 


even number of wavelengths. 


Figure 4-16. Pattern of five-wavelength resonant antenna (n = 10). 


In these formulas, it is assumed as usual that the antenna is located 
at the origin of a spherical coordinate system with the axis of the 
wire along the 0 = 0° axis (z-axis, Fig. 3-1) and that J is the rms cur- 
rent at a current-maximum point of the sinusoidal standing wave. 
The patterns shown are for long wires of modest length (n = 3 
and n = 4). As the number of half wavelengths is made larger, the 
number of lobes increases proportionately and the lobes of maximum 
radiation lie closer to the wire. Because of the factor “‘sin 6” in the 
denominator of Eqs. 4-11 and 4-12, an envelope of the lobe pattern 
is, in three dimensions, a circular cylinder parallel to the axis of the 
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wire. Ina plane containing the wire axis, the edges of the envelope 
are straight lines parallel to the wire. The effect is shown in Fig. 
4-16 for a many-lobed pattern. 

These patterns, and Eqs. 4-11 and 4-12, are for antennas an 
integral number (n) of half wavelengths long. The total length, 
however, should be shortened by about 5% of one half wavelength to 
eliminate a reactive component of input impedance. This will not 
affect the pattern appreciably. 


Radiation Resistance and Directive Gain. The radiation resistance 
of a long-wire resonant antenna n half wavelengths long, in free 
space, is given approximately by* 


R, = 73 +69 logio x (4-13) 


for values of n greater than 2. (As is evident, the equation is also 
approximately correct for n = 1.) 

The angle of maximum radiation, that is, the angle that the 
strongest lobe makes with the wire axis (this is also the lobe closest to 
the axis, as Figs. 4-15 and 4-16 show), is given approximately by 
Eq. 4-14. This formula is quite accurate for small values of n and 
gives a result close enough for most purposes, even for large values 
of n. 

n—1 
n 


COS 0, = (4-14) 

By substituting this value of cos 6 into Eqs. 4-12a or 4-126, 
according to whether n is odd or even, the value of the maximum 
field strength E,,,, is obtained. The radiated (transmitted) power P; 
is of course equal to J?R, (Eq. 3-25). The maximum directive gain 
is obtained by substituting these values of E,,,, and P, into Eq. 3-19, 
with the following result: 


120 


RiSin- 6, (4-15) 


Dx ap 


* J. G. Brainerd et al., Ultra-High-Frequency Techniques, Van Nostrand, 
New York, 1942, p. 415. (The formula is there given as R, = 72.5 + 30 log. n.) 
+ When Eq. 4-14 is substituted into Eqs. 4-12a and 4~125, their numerators 
become, respectively, 60J|cos (n — 1)z/2| and 60J|sin (n — 1)z/2|. For n 
odd, |cos (n — 1)z/2| = 1, and for n even, |sin (n — 1)z/2| = 1. The denomi- 
nators become rsin max. Note that R in Eq. 3-19 is the same quantity 
(distance from antenna to field point) as r in Eqs. 4-12a and 4-125. 
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It is interesting to note that this formula gives the correct result for 
a half-wave dipole, Dmax = 1.64, when R, is taken as 73 ohms and 
Omax = 90°; the formula is correct for n = 1, as are also Eqs. 
4-13 and 4-14. 


Patterns of Nonresonant Antennas. A long wire with a traveling- 
wave current of uniform amplitude / has an electric-intensity pattern 
that is given by 


EU Ad) a 


Fresca sin Kae — cos | (4-16) 


where L is the length of the wire. This pattern has the same number 
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Figure 4-17. Pattern of three-half-wavelength nonresonant long-wire antenna 
(ZL = 1.5 A). (Compare with resonant wire of same length, n = 3 pattern of 
Figure 4-15.) 


of lobes as a resonant wire of the same length, and the maxima and 
minima occur at approximately the same positions. Their magni- 
tudes, however, are quite different, as shown by the pattern of a 
3/2-wavelength nonresonant wire in Fig. 4-17. As seen there, the 
lobes directed toward one end of the wire are much larger than those 
at the other end of the pattern. The lobe nearest the axis of the 
wire and pointed in the direction of the traveling wave of current on 
the wire is the largest. The smallest lobe is the one at the other end 
of the pattern, the magnitudes increasing progressively toward the 
large-lobe end. 

This type of pattern has an advantage when it is desired to radiate 
or receive in predominantly one direction, rather than two. Sup- 
pression of the pattern in one direction is accomplished by eliminating 
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the reflected current at the end of the wire by means of a resistive 
termination. This usually takes the form of a resistor connected 
from the end of the wire to ground. Such termination can be suc- 
cessful, however, only if the height of the antenna above ground is 
a very small fraction of a wavelength (otherwise the connection 
would have reactance as well as resistance and would not be a 
reflection-free termination). The correct value of the resistor is 
half the value that matches the impedance of a transmission line 
consisting of the antenna wire and its earth image. If the antenna 
height is h and the wire diameter is d, the resistance is (from Eq. 2-62, 
Chapter 2): 
4h 

R = 138 logio (=) ohms (4-17) 
However, this formula should be used only as a rough guide. The 
usual practice is to adjust the resistance until no standing wave 
exists on the antenna wire. 


Polarization. The radiation from a long-wire antenna is linearly 
polarized, but the polarization direction is not the same in all parts 
of the pattern. (This is true even of short and half-wave dipoles, 
but for them the variation is not as great because there is only one 
lobe perpendicular to the wire; in the perpendicular plane the 
polarization is simply parallel to the wire.) The polarization in one 
of the oblique lobes of a long-wire antenna, or in fact in any particu- 
lar part of the pattern, may be determined by the following pro- 
cedure (assuming free-space propagation): 


(i) Draw a line from the center of the antenna in the direction of 
interest. 

(ii) Form the plane that contains both the antenna wire and this 
direction line. 

(iii) At any point on this direction line the polarization vector is 
perpendicular to the direction line and lies in the plane thus formed. 


(This procedure is in fact applicable to the radiation from any 
straight-wire radiator, including short dipoles and _ half-wave 
dipoles.) 


Effect of the Ground and Other Factors. The foregoing discussion of 
long-wire antennas has assumed perfect thin-wire conductors and a 
free-space environment. Ground reflection affects the vertical- 
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plane pattern in the manner discussed in Sec. 1-4 and illustrated for a 
special case by Fig. 1-15. The presence of the ground also affects 
the radiation resistance and the input impedance because of mutual 
coupling between the antenna and its image. Resistance of the 
wire itself is usually small, but in a very long wire the total resistance 
may be appreciable. In addition to its direct effect on the input 
impedance, this resistance also changes the form of the current dis- 
tribution on the wire, in both the resonant and nonresonant antennas, 
and so affects the radiation pattern. Therefore the behavior calcu- 
lated for the free-space perfect-conductor antenna serves primarily 
as a general guide to what will be observed with practical antennas. 
When correction for ground effects is made, the theoretical patterns 
agree quite well with those that actually occur. 


Uses of Long-Wire Antennas. Both resonant and nonresonant 
long-wire antennas are used for transmitting and receiving in the 
MF and HF range, from perhaps 500 kc to 30 Mc. They provide a 
simple and effective method of obtaining a directional pattern and 
power gain. As will be described in Sec. 5-8, these properties can 
be further enhanced when long-wire antennas are used as elements 
in an array. 

The single terminated wire used as a nonresonant antenna will not 
be effective for horizontal polarization because of its small-fraction- 
of-a-wavelength height. As the discussion of polarization indicates, 
however, a lobe that makes a small angle with the axis of a horizon- 
tal wire in a vertical plane will radiate or receive waves whose elec- 
tric intensity vector has an appreciable vertical component. Suchan 
antenna is sometimes used as a rather highly unidirectional receiving 
antenna for vertically polarized waves at quite low frequencies. In 
this use it is known as a Beverage or “‘wave”’ antenna. Such anten- 
nas are not ordinarily used for transmitting because the power 
absorbed in the terminating resistor results in poor radiation 
efficiency. 


4-5. Loop Antennas 


Another basic form of radiator is the loop, which in its fundamental 
form is a single-turn coil of wire. A current can be made to flow in 
the loop by breaking it at some point and connecting the terminals of 
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a transmission line (or other source) at the gap in the loop, as indi- 
cated in Fig. 4-18. 


The Small Loop. The radius of the small loop, a, is assumed to be 
very small compared to the wavelength 4, so that the current in all 
parts of the loop will be of the same amplitude and phase at any 
instant. An analysis of the radiation from such a loop may be made 
by considering it to be made up of many elemental dipoles connected 
together. Since dipoles are straight rather than curved, the figure 
thus formed will be a polygon rather than a circle. However, the 
approximation to a circle can be made as good as desired by taking 
the elemental dipoles to be sufficiently short or, ideally, infinitesimal. 


x —>($=0°) 


Loop, radius a 


(Loop is in 
xy-plane) 


Feed line 
(o = 0°) 


Figure 4-18. Basic form of loop antenna. 


The fields of the individual dipoles are then superposed in the 
manner described for analyzing the half-wave dipole, Sec. 4-3. 
Here not all the electric vectors of the separate field components are 
parallel. Although this complicates the problem, the principle is 
the same. The superposition of nonparallel fields was discussed in 
Sec. 1-2. 

From such an analysis it is found that the field pattern of a loop 
has exactly the same shape as that of a single elemental dipole 
oriented with its axis coincident with the loop axis (.e., with its 
axis perpendicular to the plane of the loop) (Fig. 4-4). However, 
the vector directions of the electric (E) and magnetic (1) components 
of this field are interchanged, relative to the E and H directions of 
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the elemental-dipole field. The polarization is linear but perpendi- 
cular to that of the corresponding electric dipole. Therefore a loop 
with its axis horizontal radiates maximum field intensity in the plane 
of the loop, the pattern being doughnut-shaped, but in the hori- 
zontal directions the polarization is vertical rather than horizontal. 
If the plane of the loop is horizontal, the radiation pattern in the 
horizontal plane is uniform (a circle), like that of a vertical dipole, 
but the polarization is horizontal. The small loop is an example of a 
magnetic dipole, mentioned in Sec. 4-1. Because the pattern has the 
same shape as the elemental electric dipole, the directivity is the 
same (D = 1.5) and so is the beamwidth (BW = 90°). 

The relationship between the loop current and the radiated power 
is quite different, as might be guessed, since the radiation resistance 
of the elemental dipole depends on the ratio of its length to the 
wavelength, and the geometry of a loop is not comparable. The 
formula for the radiation resistance of a small loop is 


31,200.42 


R, a 


ohms (4-18a) 
where A is the area of the loop and A is the wavelength. Since 
A = 7a’, this formula can also be expressed in the form 


4 
ee 308,000(¢) (4-18) 


In these formulas, A, a, and A must be expressed in the same units 
of length. 

The elemental-dipole pattern (with E and H directions inter- 
changed) and these radiation-resistance formulas apply only to loops 
that are small compared to a wavelength. This criterion is con- 
sidered to be met if the loop diameter is less than 0.1 wavelength. 
For this maximum size of loop, the radiation resistance is about 2 
ohms. A very large current, therefore, is needed for radiation of 
appreciable power, as was also found to be true of short dipoles 
(Sec. 4-1). 

It turns out that the results found for a circular loop apply equally 
well for a loop of any shape as long as its dimensions are sufficiently 
small compared to a wavelength; the radiation resistance depends 
only upon its area (Eq. 4-18a). The loop may be square, triangular, 
or even irregular in shape. 
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At very low frequencies it is common to make a loop with more 
than one turn of wire. If the number of turns is N, the resulting 
radiation resistance is found by multiplying the one-turn value 
(Eq. 4-18) by N?. It is necessary that the total length of wire be 
small compared to the wavelength if the small-loop behavior is to 
apply, but if the frequency is very low (wavelength very long) this 
requirement is not difficult to meet. Because of the large wave- 
length, however, the radiation resistance may still be a very small 
value in spite of the number of turns, and the loop may have a sig- 
nificant ohmic resistance also. Therefore the radiation efficiency 
will be poor. 

When such loops are used for receiving, the terminals of the loop 
may be connected to a very high-impedance receiver input circuit, 
so that the quantity of primary interest is the voltage induced in the 
loop rather than the power delivered. When the loop has its plane 
in the direction of a properly polarized incoming signal, if the inci- 
dent-wave field intensity is E volts per meter, the induced voltage 
will be 


2nNAE 
A 


V= volts (4-19) 


where WN is the number of turns of the loop and A is its area. 


Small loops are often used for receiving as direction finders when 
the received signals are vertically polarized. The direction of the 
received signal is determined by orienting the loop with its axis 
toward the signal direction. The “null’’ (zero value) in this direc- 
tion of the pattern is very sharp (corresponding to the pattern in the 
direction of the axis of a dipole, Fig. 4-2) so that when the orien- 
tation of the loop is adjusted for minimum signal, the direction of 
the signal is accurately indicated. There is a twofold ambiguity in 
the direction, however, because a null exists in the pattern on both 
sides of the loop. This ambiguity may be resolved in various ways. 
A common way is to combine (in the receiver input circuit) the loop 
output with the output of a small vertical dipole, with a 90 degree 
phase difference (produced by the circuit arrangement). If the loop 
and dipole signal amplitudes are equal, the resulting combined pat- 
tern has only one null and is therefore unambiguous. However, 
loop direction finding is successful only when the loop can be located 
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in an environment free from nearby large reflecting objects that may 
result in signals arriving at the loop position from more than one 
direction. This destroys the null effect, or at the least it destroys 
the sharpness of the null. 


The Alford Loop. Larger loops are also used, especially at the higher 
frequencies. The current distribution on such a loop is important. 
A design that achieves a proper distribution is the Alford loop, 
shown in Fig. 4-19. It is a square one-turn loop with quarter- 
wavelength sides. It is fed with opposite phases at opposite corners, 
and the other two corners are capacitively connected. (The out-of- 
phase feed is achieved by transposing one branch of the feed line as 
shown. The capacitors are commonly open-end sections of trans- 
mission line; see Eq. 2-24.) The radiation resistance of the Alford 
loop is about 80 ohms. Its radiation pattern is similar (though not 
identical) to that of a small loop, but it is much more efficient. Still 
larger loops (relative to the wavelength) may be used, but their 
patterns will not be uniform in the plane of the loop. 
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Figure 4-19. The Alford loop antenna. 


4-6. Helical Antennas 


Another basic form of radiator is the helix, which is a wire (con- 
ductor) wound in the shape of a screw thread and used as an antenna 
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in conjunction with a flat metal plate called a ground plane. Helixes 
are mostly used at relatively high frequencies so that their dimensions 
are appreciable compared to the wavelength. Theory and practice 
in the art of helical antennas has been developed largely by J. D. 
Kraus and his associates at the Ohio State University.* 

As shown in Fig. 4-20, the helix is fed at one end, usually being 
connected to the center conductor of a coaxial transmission line 
whose outer conductor is connected to the ground plane. The basic 
geometry of the helix is described in terms of its diameter D and its 
turn spacing S. For an N-turn helix the total length of the antenna 
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Figure 4-20. Helical antenna. 


is equal to NS, and the circumference C = 7D. The length of the 
wire per turn of the helix is L = VS? + C? = VS? + 7D?. The 
pitch angle «, an important parameter of the helix, is the angle that a 
line tangent to the helix wire makes with the plane perpendicular to 
the axis of the helix; and it can be found from this relation: sin 
a = S/L or tana = S/7D = S/C. The properties of helical anten- 
nas are described in terms of these geometric parameters. Many 
different radiation characteristics may be obtained by varying their 
magnitudes in relation to the wavelength A. 

The feed wire (Fig. 4-20), which connects the terminus of the co- 


* J. D. Kraus, Antennas, Chapter 7, McGraw-Hill, New York, 1950. 
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axial center conductor to the beginning of the actual helix, lies in a 
plane through the helix axis and is inclined with respect to the ground 
plane at approximately the pitch angle of the helix. Variation of its 
geometry affects the input impedance of the antenna. 

When the dimensions of the helix are very small compared with the 
wavelength, the maximum radiation is in the plane perpendicular to 
the helix axis, and the radiation pattern is a combination of the 
equivalent radiation from a short dipole positioned on the same axis 
and a small loop also coaxial with the helix. The patterns of these 
two equivalent radiators are of course the same, but the polarizations 
are at right angles, and the phase angles at a given point in space are 
90 degrees apart. Therefore, as explained in Sec. 1-1, the resultant 
field is elliptically polarized or circularly polarized, depending on the 
field-strength ratio of the two components. This ratio depends on 
the pitch angle «. When «@ is very small, the loop type of radiation 
predominates; when it becomes very large, the helix becomes essen- 
tially a short dipole. In these two limiting cases the radiated polari- 
zation is linear, in one having loop polarization, and in the other, 
dipole polarization. For intermediate values of « the polarization 
is elliptical, and at a particular value of « it will be circular. Wheeler 
has shown* that this result is obtained when S = 7?D?/2X, which 
corresponds to a value of « given by 


aD 


oy (4-20) 


tana = 
The analysis of the helix leading to these conclusions may be made 
by considering it to be equivalent to a number of small loops having 
the same diameter as the turns of the helix, with their planes parallel 
and their axes in line with the helix axis and spaced the same as the 
helix turn spacing. Then these loops are considered to be con- 
nected by short dipoles parallel to the helix axis and of length equal 
to the helix turn spacing. The radiation field of the helix is equiva- 
lent to that obtained by superposition of the fields of these elemental 
radiators. 


When the diameter and spacing (D and S) are appreciable frac- 
tions of a wavelength, an entirely different radiation pattern is 


* H. A. Wheeler, ‘“‘A Helical Antenna for Circular Polarization,” Proc. IRE, 
35, 1484-1488, December 1947. 
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obtained. The maximum intensity is radiated in the direction of the 
helix axis, in the form of a directional beam with minor lobes at 
oblique angles. The radiation in the main lobe is circularly polarized. 
It is this feature of the helix, in this mode of radiation (the axial 
mode), that probably accounts for most of the practical applications 
of this type of antenna. 

A typical helical antenna operating in this mode has a circum- 
ference C of approximately one wavelength and spacing S approxi- 
mately a quarter wavelength. The antenna will operate quite well 
over a range of frequency so that these dimensions are noncritical. 
The ground plane (which may be either a solid sheet or a wire grid or 
mesh) should be at least half a wavelength in diameter. The pitch 
angle may range from about 12 to 18 degrees; approximately 14 
degrees is optimum. The gain and beamwidth depend on the helix 
length (equal to NS, Fig. 4-20, where N is the number of turns). 
The feed-point impedance is resistive and of the order of 100 ohms 
at the frequency for which C = A. At higher and lower frequencies 
the resistive component varies, and a reactive component appears. 
Detailed design information is given by Kraus.* 

In terms of a three-dimensional spherical coordinate system (Fig. 
3-1) with the @ = 0° axis coincident with the helix axis, the beam 
(pattern) has axial symmetry, that is, it is the same in any plane con- 
taining the axis (does not depend on the longitude angle ¢). The 
3-db beamwidth is given approximately by the formula 


BUY 
Osan = =e se degrees (4-21) 


The formula assumes that the pitch angle is between 12 and 15 
degrees, that N is equal to or greater than 3, that NS (the helix 
length) is not greater than 10 wavelengths, and that C is between 
0.75 and 1.33 A. 

The directivity (maximum directive gain), subject to the same 
assumptions, is given by 


2 
Siege (4-22) 


* J. D. Kraus, loc. cit. 
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In some applications it is necessary to pay attention to whether 
the helix is wound with a right-hand or a left-hand pitch (analogous 
to right-hand and left-hand screw threads). This determines whether 
the wave will be right- or left-hand circularly polarized. (A receiving 
antenna designed to receive right-hand circular polarization cannot 
receive left-hand circular, and vice versa.) 

Helical antennas have found considerable application in space 
telemetry applications at the ground end of the telemetry link with 
ballistic missiles, satellites, and space probes, at HF and VHF. 
The circular polarization is useful in this application because of the 
polarization rotation of waves produced by the ionosphere (Faraday 
effect, Sec. 1-4). 


4-7. Horn Radiators 


The radiators thus far discussed are based on the concept of 
fields set up by alternating currents in wires (in the generalized 
sense of the term “wire,” which includes tubing, pipes, and bars). 
The most basic of them is the elemental dipole, since in principle all 
other current-carrying conductors can be regarded (mathematically 
and conceptually) as an assemblage of elemental dipoles, and the 
radiation field is then deduced by applying the principle of linear 
superposition to the fields of the individual dipoles. 

Another class of radiators is based on the existence over a surface 
of a specific electromagnetic field configuration. The intensity, 
phase, and polarization of the field over this surface, or aperture, are 
analogous to the current amplitude, phase, and direction in antennas 
represented by an assemblage of dipoles. The description of the 
variation of these field quantities over the aperture is called the 
aperture distribution. When this distribution is known, it is possible 
in principle to calculate the radiation pattern, just as it is possible for 
a wire or arrangement of wires in which the current distribution is 
known. As for radiation due to currents, the analysis of radiation 
due to the field distribution of an aperture is based on Maxwell’s 
equations. 

An example of an aperture over which the field distribution is 
known is the cross section of a waveguide, in which a particular 
known mode is propagating, as described in Sec. 2-5. It is a well- 
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known experimental fact that if such a guide is “sawed off” in a 
plane perpendicular to the axis of the guide, leaving an open end, 
radiation will occur from this open mouth. The resulting field 
pattern can be calculated from the known configuration of the field 
for the particular waveguide mode. This is the simplest case of a 
waveguide horn radiator. 

It should not be surprising that radiation occurs under these 
circumstances because the fields inside a waveguide are propagating 
in essentially the same way that fields propagate in free space; the 
only difference is that they are constrained from spreading spherically 
by the walls of the guide. When this propagating field reaches the 
guide mouth it continues to propagate in the same general direction 
except that, in accordance with Huygen’s principle, it also spreads 
laterally, and the wavefront eventually becomes spherical, although 
there is a “near field’’ region in the vicinity of the mouth of the guide 
in which the wavefront is more complicated. It can be thought of as 
a transition region in which the changeover from guided propagation 
to free-space propagation takes place. This changeover involves a 
change of phase velocity and a change in the characteristic wave 
impedance, from those of the guide to the free-space values, 
c = 3 x 10° meters per second and Z, = 377 ohms. 

Because the waveguide impedance is ordinarily different from this 
free-space value, the radiating open end does not usually present a 
matched-impedance load to the guide, resulting in an undesirable 
standing wave. This can be eliminated by some form of transformer 
matching device, such as those described in Sec. 2-5. A better 
method, however, is to flare the walls of the guide. If this is done 
properly, it results not only in a matched impedance but also in a 
more concentrated radiation pattern, that is, narrower beamwidth 
and higher directivity. This flared structure is what is ordinarily 
meant by the term horn radiator. 

Various possible flaring arrangements, resulting in different 
types of horns, are shown in Fig. 4-21. As shown, a rectangular 
guide may be flared on the narrow walls, the wide walls, or both. 
Flaring in only one dimension results in a sectoral horn. If the flare 
is in the direction of the electric vector, as when the broad walls are 
flared with the TE,,. mode in rectangular guide, the result is an 
E-plane sectoral horn; when the narrow walls are flared, the 
radiator is an H-plane sectoral horn. Flaring both walls results in 
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a pyramidal horn. A conical horn is formed by uniform flaring of 
the walls of a circular waveguide. 

If the flare angle ¢ is too great, the wavefront at the mouth of the 
horn will be curved rather than plane. This means that the phase 
distribution over the aperture will be nonuniform, resulting in 
decreased directivity and increased beamwidth. On the other hand, 
too small a flare angle results in a small aperture area for a given 
length of the horn, Z. The directivity is proportional to the aperture 
size for a given aperture distribution. Therefore, there is an opti- 


Conical horn 


a4 : 
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Figure 4-21. Waveguide horn types. 


Sectoral E-plane horn 


mum flare angle, which is given approximately by the relation 


L[A 


Pee 
Sak SEW aD, 


(4-23) 


where 6 is the permissible aperture phase-angle variation expressed 
as a fraction of 360 degrees. (For example, for a phase variation of 
36 degrees, 5 = 0.1.) Typical values are: E-plane horn, 5 = 0.25; 
H-plane horn, 56 = 0.4; conical horn, § = 0.32. For a pyra- 
midal horn, the separate flares are calculated using these different 
values in the E-plane and H-plane. It is assumed in all cases that 
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the total flare results in a flared aperture dimension (d; or d;;,) at 
least equal to a wavelength. As an example of the use of this for- 
mula for an E-plane flare with L = 4, the equation becomes 


dh 4 
COs 5) = 4.25 = 0.94 
Then from a table of cosines it is found that 4/2 = 20° (the angle 
whose cosine is 0.94). Consequently, ¢ = 40°. 

It is apparent that the flare angle must be made smaller as the length 
L is increased to maintain a given value of phase variation across the 
aperture, 5. Therefore there is a practical limit to the gain that can 
be obtained with a horn radiator; very high gain requires an exces- 
sive horn length. For moderate gains, however, horn radiators are 
very useful. They are of course especially appropriate when the 
feed line is a waveguide. Their bandwidth is then essentially the 
bandwidth of the guide—2:1 typically, for the TE,;) mode in rect- 
angular guide and a sectoral or pyramidal horn. 

The beamwidth of the horn in a plane containing the guide axis 
is inversely proportional to the horn mouth dimension in that plane; 
but for rectangular guide the constant of proportionality is different 
for the E-plane and the H-plane because of the different phase and 
amplitude distributions in the two planes. Approximate formulas 
for the half-power beamwidths of optimum-flare horns are 


pu ree (4-24a) 
dr 

O.= ae degrees (4-24b) 
H 


where the subscripts E and H denote E-plane and H-plane, res- 
pectively. The directivity is given approximately by 
blade lA 


D = Se (4-25) 


where A = d,dy is the area of the horn-mouth opening (aperture). 
The second form of Eq. 4-25 applies approximately to the conical 
horn also. 

Incidentally an unflared open-mouthed waveguide provides a 
slightly greater directivity than this formula indicates, because of its 
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more nearly constant phase distribution. For such a radiator the 
factor 7.5 in Eg. 4-25 becomes approximately 10. For a typical 
rectangular guide A is approximately equal to A?/4; hence D is 
about 2.5 Thus this simple radiator has a somewhat greater gain 
than a half-wave dipole; the pattern in either plane resembles one- 
half the pattern of a dipole in the plane containing its axis. 

Many special forms of horns are used. There are too many to 
describe in detail, but their basic principle is the same as those of the 
commoner types that have been discussed. One special horn that 
deserves a brief discussion, however, is the biconical horn, pictured 
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Figure 4-22. Biconical horn. 


in Fig. 4-22. It consists of two conical metal surfaces with their 
axes collinear (in line with each other) and their vertexes opposed. 
As with sectoral horns, there is an optimum flare angle that depends 
on the mode of excitation employed. With the coaxial-line feed 
shown, the polarization will be vertical, and the optimum-flare 


criterion is h = V2sA. Since sin (¢/2) = h/2s, the optimum flare 
angle ¢ is the one that satisfies the relation 


sin (5) = VX/2s (4-26) 


Horizontal polarization may be excited in this horn by means of a 
small loop antenna with its plane perpendicular to the cone axes and 
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lying between the vertexes, and the loop axis collinear with the cone 
axes. The optimum flare angle is then given by 


a (5) Sas (4-27) 


The radiation pattern is omnidirectional in the horizontal plane 
with the cone axes vertical, the vertical beamwidth and directivity 
depending on the dimension f. For optimum flare angles the direc- 
tivity is given by 


ie m(=) (4-28) 


where for vertical polarization (assuming vertical cone axes) the 
factor m ~ 0.8, and for horizontal polarization m ~ 0.6. The 
vertical beamwidths may be estimated using Eq. 4-24a for vertical 
polarization and 4~24d for horizontal polarization, with dp anded,, 
replaced by h. 

The omnidirectional horizontal pattern is the attractive feature of 
the biconical horn, in the VHF and UHF bands, especially with 
horizontal polarization. Few antennas provide a truly omnidirec- 
tional horizontal-plane pattern and horizontal polarization. 


4-8. Slot Radiators 


If a narrow slot-like opening is cut in a large flat sheet of metal, 
and properly connected to a source of rf power, it will radiate in a 
manner that bears a certain resemblance to the radiation by a dipole 
of the same dimensions as the slot. In fact, if the conducting sheet 
is a plane of infinite extent, the radiation pattern will have exactly 
the same shape as that of the corresponding dipole except that the 
electric and magnetic vectors are interchanged. (The same relation- 
ship exists, incidentally, between the patterns of a short dipole and a 
small loop.) Also, the impedance properties of the slot are some- 
what different. These complementary properties of a slot in an 
infinite plane conductor, and a thin flat dipole of exactly the same 
dimensions as the slot, are predicted by an important result of 
electromagnetic theory known as Babinet’s principle. It also relates 
the impedance properties of the two kinds of radiators. 
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Figure 4-23 shows such a slot and a two-wire transmission-line 
feed connected to it. For the half-wavelength-long slot shown, the 
radiation pattern will have the same angle dependence as that of a 
half-wave dipole, as given by Eq. 4-11 and plotted in Fig. 4-14. 
(Only the term in square brackets of Eq. 4-11 applies; i.e., the 
relative patterns are the same.) Also, since the E and A vectors are 
interchanged, the polarization is opposite to that of the correspond- 
ing (complementary) dipole. It is this fact that allows the three- 
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Figure 4-23. Radiating slot in an infinite plane conducting sheet. 


dimensional “‘doughnut’’ pattern to exist unaffected by the presence 
of the conducting plane, and on both sides of it, except for the infini- 
tesimally thin slice eliminated by the metal sheet. That is, the 
required electric field intensity can exist in the space at the surface of 
the conducting plane because the electric field lines are perpendicular 
to the plane. (It is a well-known principle of electromagnetic 
theory that they could not so exist if they were parallel to the surface.) 

Thus beamwidth and directivity are the same as for the half-wave 
dipole; 034, = 78° and D = 1.64. The input impedance Z, for the 
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connection shown in Fig. 4-23 is related to the input impedance of a 
center-fed half-wave dipole, Z,, by the formula 


2 
(1207)* _ 35,530 (4-29) 


oi 4Z, 7 


Since Z, = 73.1 + j42.5 ohms for a thin half-wave dipole, a thin 
(narrow) half-wave slot is found, from the above formula, to have 
impedance Z, = 363 — j211 ohms. A thin slot of length 0.475 4, 
the complement of a dipole having nonreactive input impedance of 
67 ohms, will have Z, = 530 ohms, nonreactive. 

There is no such thing in the real world as an infinite plane con- 
ducting sheet, but if a slot is cut into a sheet that is very large com- 
pared to the slot, then the behavior predicted above will be realized 
to a high degree of approximation. Slots cut into sheets of even 
moderate size will radiate effectively, but their exact behavior is not 
as readily predictable. 

The slot as described will radiate on both sides of the sheet. If 
radiation on one side only is desired, the “back” side of the slot may 
be enclosed by a box, or cavity. The field distribution along the 
slot is then affected by the dimensions of the cavity. The problem 
of theoretical design is quite complicated, and design is often deter- 
mined by experiment. 

A unidirectionally radiating slot may also be obtained by cutting 
it in a proper position and orientation in the wall of a waveguide. 
Figure 4-24 shows the appearance of several slots in a TE;9-mode 
rectangular waveguide that will radiate, and two that will not radiate. 
A waveguide slot, if it is to radiate, must be positioned so that it 
interrupts currents that would otherwise flow across its length in the 
inner walls of the guide. This is equivalent to saying that there must 
be a component of magnetic field (H) parallel to the slot at the inner 
surface of the guide. The field configurations in waveguide for 
various modes are given in advanced engineering textbooks and hand- 
books. The examples of radiating slots shown in Fig. 4-24 by no 
means exhaust the possibilities. To be most effective the waveguide 
slot should be resonant, which it will be if the length is approximately 
half a wavelength. However, the exact length for resonance depends 
on the position of the slot in the guide. 

A waveguide slot does not radiate the total power flowing in the 
guide; it “extracts” or “couples out” some fraction of it. The 
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remaining power continues on down the guide to whatever additional 
load there may be further on. Or if it encounters a “‘short circuit”’ 
(end cap), it is reflected. By impedance matching devices it may 
then be possible to couple all the power to the slot. Waveguide 
slots, however, are seldom used singly; usually an “array” of them 
is cut along the length of the guide, as will be described in Sec. 5-9. 
Slot radiators need not be complements of half-wave dipoles. 
Many other radiating shapes are possible, but all may be analyzed 
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Figure 4-24. Radiating and nonradiating waveguide slots in rectangular 
guide, TE:. mode. 


in terms of their complementary radiators. For example, an annu- 
lar-ring slot in an infinite plane sheet will have a radiation pattern 
exactly like that of a loop of the same size, with E-fields and H-fields 
interchanged. Slot radiators are practically restricted to the higher 
frequencies by the requirement of a conducting sheet considerably 
larger than the slot. They are very useful when a radiator must be 
devised that will not project from a surface, for example, in an air- 
plane wing or fuselage. (Here the opening may be covered by a 
protective cover of low-loss dielectric material.) 
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4-9. Surface-Wave and Leaky-Wave Antennas 


In the years during and since World War II some rather exotic 
forms of antennas have been devised, primarily in the category of 
VHF, UHF, and microwave antennas. Two such types of antennas 
that may be in the class of basic radiators are the surface-wave 
and leaky-wave antennas. Their theory and applications are too 
complex and too extensive for a full discussion here. 

These antenna types are analyzed in terms of guided electromag- 
netic waves propagated along a surface or other guiding structure 
that does not fully confine them. Radiation may take place at dis- 
continuities of the structure, or gradually along an aperture. Promi- 
nent examples of such antennas are the polyrod antenna, the cigar 
antenna, the zigzag, the holey plate, and the mushroom antenna. 
Some of these antennas find use in applications requiring a high- 
gain radiator with a low silhouette, as on a streamlined aircraft. 
They are primarily microwave or near-microwave devices, but they 
are by no means limited to the microwave region. In fact, the 
Yagi-Uda antenna, usually discussed as an array antenna (Sea 
5-3), can also be regarded as a surface-wave antenna. This antenna 
is often used at frequencies as low as 50 Mc. 


4-10. Basic Feed Methods 


The usual arrangement for feeding power to an antenna from a 
transmitter, or to a receiver from the antenna, is indicated in block- 
diagram form in Fig. 4-25. The transmission line can be any of the 
types discussed in Secs. 2-4 and 2-5. The function of transformer A 
is to match the antenna feed-point impedance to the characteristic 
impedance of the line and also to make a transition, if necessary, 
from one form of line to another (e.g., from balanced to unbalanced, 
or from coaxial line to waveguide). Transformer B serves the same 
functions between the transmission line and the internal impedance 
of the transmitter or receiver. The two transformers insure not 
only that the transmitter will be correctly “loaded” by the antenna, 
and that the antenna will be correctly loaded by the receiver, but also 
that there will be no standing waves on the transmission line. 
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Elimination of standing waves is desirable, but not essential. If 
standing waves are to be permitted, one transformer can be omitted, 
and the other transformer adjusted for correct loading of the trans- 
mitter (or, in reception, optimum transfer of received signal power 
from the antenna to the receiver). 

Sometimes the transmission line can be eliminated altogether by 
making a direct connection from the antenna to the transmitter output 
terminals or the receiver input terminals. Here also only one trans- 
former is required. This situation can exist at very low frequencies, 
where a “‘line”’ of even a few hundred feet in length may be in effect 
a direct connection. Any conductor of length less than about a 
hundredth of a wavelength may be so regarded, since no appreciable 
standing wave pattern can exist on a conductor so electrically short. 
The direct connection can also exist at higher frequencies when the 
antenna is “‘built into” a receiver or transceiver. 


Antenna Transformer Transmission line Transformer Transmitter 
A (no standing waves) B or receiver 


Figure 4-25. Block diagram of basic antenna feeding arrangement. 


The transformers at low frequencies are coil-and-condenser 
devices. In addition to impedance step-up or step-down, they also 
can provide reactance cancellation; both effects may occur in the 
same circuit elements or they may be separated. At the higher 
frequencies the transformers may be composed of transmission- 
line or waveguide elements, as described in Secs. 2-3 and 2-5. 

At frequencies up to about 30 Mc, two-wire balanced transmission 
lines are commonly used, since at these frequencies radiation due to 
the line spacing being a significant fraction of a wavelength is not a 
serious problem. Line impedances range from slightly less than 
100 ohms to perhaps 800 ohms. The lower impedances are achieved 
with close-spaced wires embedded in low-loss polyethylene plastic 
(the familiar “twin lead” used for television receiving is of 300-ohm 
impedance, but a 70-ohm line of this type is available). The higher 
impedances result with air-insulated wires or tubing. The wire lines 
have spacing bars of porcelain or other insulating material at inter- 
vals of a few feet or more, depending on the spacing and the wire 
stiffness. 
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When the higher-impedance lines are used to feed an ordinary 
half-wave dipole at its center, or a long-wire antenna at a current 
loop, a transformer must be used if the impedances are to be matched. 
One possible type of transformer is shown in Fig. 4-26. It is the 
shorted-stub arrangement whose principle is explained in Chapter e. 
(See Fig. 2-6.) An alternative method, which can be used when the 
antenna feed-point impedance is purely resistive, is the quarter-wave 
transmission-line transformer, whose transformation ratio is given 
by Eq. 2-22, Chapter 2. (These methods are of course not limited 
to dipole and long-wire antennas; they are of general applicability.) 


Antenna (half-wave dipole) 


Insulators 
Guy wire 
Matching stub 


Shorting bar 


Transmitter-receiver 
house 


Figure 4-26. An antenna installation typical of the HF range (3-30 Mc), 
showing method of center feeding a half-wave dipole with two-wire balanced 
line and matching stub. Line section above stub has standing wave, but 
with proper adjustment there is no standing wave on the feed line to left of 
the stub. 


Another method, which can be used for feeding a wire antenna at a 
current loop, is the “‘delta match,” illustrated in Fig. 4-27. In this 
method there is no gap in the antenna at the feed point; the line 
spacing is gradually increased until it spans a section of the antenna 
of length denoted as s in Fig. 4-27. The effective impedance pre- 
sented to the transmission line increases as s is increased. This 
spacing is adjusted until an impedance match results, as indicated by 
absence of standing waves on the line. Methods of measuring the 
voltage standing-wave ratio (VSWR), and of thereby determining 
the antenna input impedance, are described in Sec. 8-1. 

Another method of obtaining an impedance match to a dipole 
with a two-wire line of moderate impedance is to use a folded dipole, 
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as described in Sec. 7-10. In its simplest form the folded dipole has 
an input impedance that approximately matches a 300-ohm line. 

Although it is not absolutely essential to operate the transmission 
line without standing waves, it may be important to do so in high- 
power applications to minimize line losses due to the high currents 
at the current loops and to avoid excessive voltages at the voltage 
loops. Radiation losses are also greater when there are standing 
waves, and the loading adjustment is more critical. A line operating 
with an appreciable standing wave is called a resonant line; one with 
little or no standing wave is called nonresonant. 


page os Se ae " 


Half-wave 


dipole 
Fanned-out P 


(delta) 
section of line 


Two-wire balanced 
transmission line 


Figure 4-27. Delta-match feed method applied to a half-wave dipole. 


A half-wave dipole or a long-wire antenna can be fed at one end 
(maximum-voltage point) with a two-wire resonant line. The 
antenna is connected to one side of the line, and the other side is 
simply left open, as indicated in Fig. 4-28. A line used in this way is 
called a ““Zepp”’ feeder. An advantage of this arrangement is that 
the antenna can be operated at any integral multiple of the frequency 
for which the antenna length is a half wavelength. The antenna 
pattern will be different for each such frequency, in accordance with 
Eqs. 4-12a and 4-12b. The value of n in these equations is of course 
1 for half-wavelength operation, 2 for full-wave operation, etc. The 
frequency for which n = 1 is called the fundamental frequency of the 
antenna, and those for successively higher values of n are called 
harmonic frequencies. (For example, the frequency for n = 3 is 
called the third-harmonic frequency.) 
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The pure Zepp feeder arrangement, shown in Fig. 4-28, omits 
transformer A in Fig. 4-25. The line is operated with a standing 
wave. When the antenna is operated at more than one of the pos- 
sible frequencies (values of m) transformer B must in general be 
adjusted differently for the different frequencies. In the HF band, 
where such antennas are most commonly used, this transformer 
typically consists of a variable inductance-capacitance circuit.* 


Half-wave or 
resonant-long-wire 


antenna Insulator 


Insulators 


Figure 4-28. Method of feeding a half-wave or resonant-long-wire antenna at 
one end by means of a two-wire line with standing waves (Zepp feeder). 


A matching circuit (i.e., transformer A) can also be incorporated 
at the antenna end of this type of feeder, to eliminate standing waves 
on the line. The stub arrangement of Fig. 4-26 (and Fig. 2-6, 
Chapter 2) is used for this purpose. When a half-wave vertical 
dipole is fed in this way, the resulting arrangement is called a “J” 
antenna. This matching will in general be effective at only one 
frequency. 

As the Zepp feeder indicates, ‘‘balanced”’ two-wire lines may be 
used to feed an unbalanced antenna, though at the sacrifice of per- 
fect balance of the line currents. (Therefore such lines will radiate 
somewhat more than would a perfectly balanced line.) In general, 
however, balanced two-wire lines are preferred when the antenna is 


* Circuits for this use are described in The ARRL Antenna Book, published by 
the American Radio Relay League, West Hartford, Con. Textbooks on 
circuit theory should be consulted for detailed design theory. The ARRL 
Antenna Book also contains much practical information on antennas and feed 
systems of the type described in this chapter and on some of those described 
in Secs. 5—2 through 5-8. 
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fed at a point of symmetry—where the structure is electrically 
balanced with respect to the ground on both sides of a center feed 
point. But when one side of the feed point is the ground, or a 
metallic ground plane, the favored transmission line for feeding the 
antenna is coaxial line. Examples of such antennas are monopoles, 
antennas whose axes are perpendicular to a ground plane in which 
they are imaged. All the feed methods described for two-wire lines 
are applicable in these cases, except that the center conductor of the 
coaxial line connects in the manner indicated for one of the conduc- 
tors of a two-wire line, and the coaxial outer conductor connects to 
the base of the antenna (ground). 

Transmission-line feed is appropriate to such radiators as dipoles, 
long wires, loops, and helixes, whose radiation is based on currents 
flowing in wires. Waveguide feed is more appropriate for horns and 
waveguide-slot antennas. However, these “rules” have exceptions; 
it may at times be convenient to use a coaxial line to feed a horn—for 
example, when the frequency is low enough so that a waveguide 
would be very large and expensive, but yet high enough to make a 
horn radiator feasible. (This might be the case at a frequency in 
the region of 500 Mc.) Then a line-to-waveguide transition (des- 
cribed in Sec. 2-5) is used, as indicated in Fig. 4—29. 


Probe 
coupler 


Closed 


end Horn 


Coaxial line 


Figure 4-29. Arrangement for feeding a horn radiator with a coaxial trans- 
mission line. 


Coaxial lines are also often used when the ultimate load is balanced 
because of their nonradiating properties and the protection that the 
outer conductor affords against weather and physical damage, and 
because they have lower losses and higher voltage breakdown 
rating for the same conductor spacing. Various methods of accom- 
plishing connection of an unbalanced line to a balanced load are 
possible. The devices employed are baluns. At low frequencies 
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coil-and-condenser arrangements are used. At frequencies above 
about 100 Mc, transmission-line transformers are customary. 
Examples of baluns are shown in Fig. 4-30. 
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Dipole or other 
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to coaxial-line 
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Coaxial line 
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Balanced line 


Coaxial line 


(c) 


Figure 4-30. Examples of balanced-to-unbalanced line coupling devices 
(baluns). Various other arrangements are also employed. (a) Coupled coils. 
(b) “Bazooka” balun. (c) Half-wave-line balun. 
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PROBLEMS AND EXERCISES 


1. Ata distance of r = 1 meter froma particular short-dipole antenna, 
in a direction (0, ¢), the induction component of the total electric 
field is equal in strength to the radiation component. At a distance 
r = 10 meters in the same direction, which of these two components is 
stronger? How much stronger is it? That is, what is the ratio of their 
strengths ? 

2. A thin perfectly conducting wire is fed as a short dipole at its 
center; its total end-to-end length is 0.04 wavelength. The wire has no 
capacitive end loading so that its effective length (in terms of an equiva- 
lent elemental dipole) is less than its actual length. The rf current at the 
feed point (center) is 10 amp, rms. (a) What is the radiation resistance? 
(b) How much total power is radiated ? 

3. The dipole described in Problem 2 is connected to another trans- 
mitter of the same frequency (and wavelength), but of higher power 
output, so that the feed-point current is now 25 amp. (a) Ata point 
half way between the center and one end of the dipole, what is the 
current? (b) What is it at a point 90% of the distance from the center 
to the end? (c) What is the current at the end of the dipole? 

4. A half-wave dipole in free space is center-fed with a current of 10 
amp (rms). At a distance of 1000 meters from the dipole, which is in 
the far field, and in a direction that is 60 degrees from the dipole axis, 
what is the field strength in volts per meter ? 

5. A medium-frequency (MF) radio station (for which a long-wire 
horizontal antenna is practical) is required to communicate with only 
four other stations. These stations are in four different directions; one 
is due north, one due south, one east, and one west. It is desired to 
utilize a single horizontal long-wire resonant antenna that will have four 
major lobes, one directed at each of the four other stations. (The major 
lobes are those nearest the wire axis.) (a) How many half wavelengths 
long should this antenna be? (b) What are the two possible directions 
of the antenna wire? (Suggestions: Assume that Eq. 4-14 is valid for 
the value of n involved. Draw a diagram showing the relative positions 
and directions of the stations, and consider possible orientations of the 
antenna wire. Determine from this the required value of Omax in Eq. 
4-14. Then look up cos On2x, substitute this value in Eq. 4-14, and 
solve for. The value you obtain for n will not be an exact integer; the 
correct value is the integer nearest to the value found.) 

6. A helical antenna with a ground plane (as in Fig. 4-20) has a turn 
diameter and spacing that are appreciable fractions of a wavelength, so 
that it radiates in the axial mode. The circumference of a turn, C, is 
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equal to the wavelength, X, and the turn spacing S is equal to 0.25 A. 
The number of turns is N = 16. (a) What is the 3-db beamwidth of 
this antenna? (b) What is its directivity? 

7. A rectangular-waveguide E-plane sectoral horn is to be designed 
for use at a wavelength of 3 cm, and the horn length has been fixed by 
other factors at the value L = 30cm. What is the correct (optimum) 
flare angle for this horn? 

g. A slot in an infinite plane sheet of metal is in the form of an annular 
ring so that it is the complement of a small loop antenna. (The central 
portion of the sheet, inside the annulus, is supported by low loss insu- 
lating material.) (a) Is the maximum radiation of this annular slot in 
the direction perpendicular to the plane of the sheet, or is it parallel 
to it? (b) What is the polarization of the field near the metal sheet at 
a point distant from the slot? 

9. A thin vertical monopole antenna is 95% of a quarter wavelength 
in height above a ground plane of infinite extent and perfect conduc- 
tivity. Itis fed at a gap at its base bya coaxial line. No transformer is 
used at the feed point, yet there are no standing waves on this line. What 
is the approximate characteristic impedance of the line? 

10. Several means of delivering power to an antenna froma transmitter 
are listed below, and identified by capital letters: 


(A) Coaxial line. 

(B) Balanced two-wire line followed by an impedance transformer to 
provide nonresonant operation (no standing waves). 

(C) Waveguide. 

(D) Direct connection. 

(E) Resonant two-wire line. 


After each of the antenna types below, write in one of the above capital 
letters to indicate which form of line or connection you consider most 
appropriate. (Use each letter once and only once.) 


(i) Automobile radio antenna for broadcast-band reception [] 
(550-1600 kc) 
(ii) Helical antenna with ground plane [_] 
(iii) Long-wire antenna fed at one end tal 
(iv) Horn radiator [_] 
(v) Half-wave dipole of 60-foot length, fed at gap in center [| 


O. 


Arrays 


The term array, as applied to antennas, means an assembly of 
radiating elements in an electrical and geometric arrangement of 
such a nature that the radiation from the elements “‘adds up” to 
give a maximum field intensity in a particular direction or directions 
and cancels or very nearly cancels in others. Obviously this prin- 
ciple can be used for the design of a directional antenna with power 
gain. 

The long-wire antennas discussed in Sec. 4-4 may in a sense be 
regarded as arrays, since they are analyzable as an assembly of ele- 
mental dipoles in a geometric configuration that provides direc- 
tionality and gain. (The resonant long-wire antennas also might be 
regarded as an array of half-wave dipoles.) The term array, how- 
ever, is usually reserved for arrangements in which the individual 
radiators are separate rather than part of a continuous radiator. 


5-1. Basic Array Theory 


All the elements of an array (the individual radiators) are usually 
alike, or at least very similar. Perhaps the commonest array element 
is the half-wave dipole, but practically all the basic radiators dis- 
cussed in Chapter 4 are employed as elements of arrays. 

The radiation pattern of an array (in free space) depends on four 
factors: (1) the relative positions of the individual radiators with 
respect to each other; (2) the relative phases of the currents or fields 
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in them; (3) the relative magnitudes of the individual-radiator cur- 
rents or fields; and (4) the patterns of the individual radiators. 
The basic theory of arrays is developed in terms of the first three 
factors, on the assumption that the individual radiators are isotropic 
point sources. An isotropic point source is one that radiates with 
uniform intensity in all directions and has no physical size and also 
no “electrical size”; it does not block or otherwise affect the radia- 
tion of the other elements of the array. An array radiation pattern 
can be calculated on the basis of these assumptions, and then a cor- 
rection to it can be made to take into account the fact that the indi- 
vidual radiators in practical cases do affect each other and do not 
radiate isotropically. 


The Two-Isotropic-Element Array. The simplest array is one that 
consists of just two isotropic point-source radiators. It will be dis- 
cussed in some detail because it illustrates most of the principles of 
arrays of any number of individual radiators. The two-element 
array will be further specialized by assuming that the individual 
radiators are of “equal strength.” If they are thought of as radiat- 
ing a field intensity proportional to a current that flows in them (in 
some unspecified fashion), the currents in the two are assumed to be 
equal. (An isotropic point-source radiator is a fiction, and the 
idea of a current is introduced solely to illustrate the meaning of 
“equal strength.) The only remaining variables are the spacing of 
the two radiators and their phases. 

The meaning of the term phase as applied to the radiating elements 
of an array is also most easily illustrated by considering that their 
radiation is related to currents that flow in them. Suppose that at 
some distant point the fields of the two radiating elements are 
examined and are found to be in phase with each other. If then the 
phase of the current in Radiator 2 is changed by an amount e radians 
whereas the phase of the current in Radiator 1 is not changed, it will 
be observed that the two fields at the distant point are now out-of- 
phase by the amount a radians. A phase can also be ascribed to 
radiators of the aperture type; the phase may be taken as that of the 
field at some reference point in the aperture. 

The phase of a radiating element in an array is always discussed in 
relation to the phases of the other elements. In other words, if the 
phases of the two radiators in a two-element array are changed by the 
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same amount, the array radiation pattern is unaffected; but changing 
the phase of one without changing the other will affect the pattern 
because it affects the way that the individual fields of the two radia- 
tors add up at a specified distant point. 

The significant geometry of a two-element isotropic-point-source 
array is shown in Fig. 5-1. The two sources are positioned a dis- 
tance d apart on the y-axis of an xy coordinate system, each distant 
d/2 from the origin. The point P is a distant point at which it is 
desired to calculate the field strength that results from the radiation 


ag 


Radiator 2 


Figure 5-1. Array of two isotropic point sources. 


of the array. The coordinates of P denoted r and ¢ are two coordi- 
nates of the spherical-coordinate system shown in Fig. 3-1, Chapter 
3. The third spherical coordinate, 8, is not shown because only a 
plane in which @ is constant is being considered here, namely, the 
xy-plane in which @ = 7/2 radians (90°). 

In the parlance of electromagnetic theory (and antenna theory 
which is really an application of electromagnetic theory), P is the 
field point, that is, the point at which, in a particular problem, the 
field is to be calculated. Since the position of P will be specified 
only in general terms, it can represent any point in space; hence, an 
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expression for the field strength at P applies to all points and thus 
defines the radiation pattern of the array. Calculation of the field 
due to the array at an arbitrary point P is the basic problem of array 
theory. This calculation is here made for the two-element isotropic- 
point-source array, with the two sources of equal strength (intensity). 

As shown, the distance from Radiator 1 at point R, to P is r;, and 
from Radiator 2 at point R, to P the distance is rz. The two sources 
are assumed to lie on the y-axis of a cartesian coordinate system, 
and P is assumed to be in the xy-plane. Therefore, in terms of the 
corresponding spherical coordinate system (Fig. 3-1), the direction 
of P from R, is ¢,, and from Rz it 1s do. 

The distances r, and r, are assumed to be very large compared to 
the distance d, the separation of the two radiators. If the difference 
of these two distances to the field point is § = rg — 71, the maximum 
possible value that 5 can have, whatever the location of P, is equal to 
d, the radiator separation. (This equality will occur when P lies 
on the y-axis; i.e., when ¢; = ¢2 = 90° or 270°.) This means, since 
both r; and rz are very much larger than d, that 5 will always be 
very much smaller than either r; or rg. The very important conclu- 
sion that may then be drawn is that if the two radiators are of equal 
strength, the amplitudes of their separate fields at P will be very nearly 
the same; that is, both will be reduced in strength, because of the 
distance traveled, by virtually the same amount. (This reduction in 
strength due to the spherical spreading of waves radiated from point 
sources in free space was discussed in Sec. 1-1 and is referred to as 
the space attenuation of waves. It is given quantitatively by Eq. 
1-11.) Their relative strengths are practically unaffected by the 
difference in distance traveled, 5, and they may be considered equal. 

On the other hand, the relative phases of the two fields at P, from 
R, and Ro, will be very importantly affected by 6. The resulting 
phase difference of the fields due to 6 isinfactequalto — 275/Aradians 
or — 3608/Adegrees. To this difference must be added the initial phase 
difference, that is, the phase difference of the two radiators them- 
selves, «. The total phase difference # of the two fields at P will be + 


b=a— = radians (5-1) 


* In Eq. 5-1 and a denote phases of Radiator 2 field and current with respect 
to those of Radiator 1, that is, the Radiator 1 phase is the reference phase. 
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The problem of determining the resultant field at P is the problem of 
superposition of two fields of equal amplitude, which will be denoted 
E,, and of phase-difference %. This is a problem of phasor addition, 
and it is mathematically the same as the addition of vectors separated 
in direction by the angle %. This problem was solved in Sec. 1-2, 
and for the case of equal amplitudes the result was found (Eq. 1-28) 


to be 
COS (5) 


(The equivalent phasor problem was also solved, Eqs. 1-35 and 1—36, 
but the special case of equal amplitudes was not considered there.) 


E = 2E, (5-2) 


Figure 5-2. Enlarged portion of two-element-array geometry. 


This is a first step toward finding the radiation pattern of the array, 
which is an expression of E as a function of ¢, the angle of the direc- 
tion of P from the center of the array. To obtain such an expression, 
it is evidently necessary to express % in terms of ¢. An expression 
for % in terms of 6 and « is already available, Eq. 5-1. Since awisa 
(presumably) known quantity (the phase difference of the array 
elements), the only variable here is 5, and the problem is therefore to 
express it in terms of ¢. To see how this can be done, it is helpful 
to consider an enlarged diagram, Fig. 5—2, showing the region in 
the immediate vicinity of the array. As this diagram shows, because 
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Pis so distant in relation to the element separation d, the lines labeled 
r1, To, and r can be considered almost parallel to each other, so that 
also ¢, = ¢2 = ¢ to a very close approximation. Ifa construction 
line R,Q is drawn as shown dashed, so that it is perpendicular to the 
line R,P (also designated rz), the distances R,P and QP can be con- 
sidered equal. Therefore, the distance R2Q is the difference, 4, 
between R,P and RoP (i.e., between r; and rg). The angle R,RiQ is 
equal to ¢, since R,R, is perpendicular to the x-axis and R,Q is 
perpendicular to R,P.* The triangle R,QR. is a right triangle, 
with base 5, hypotenuse d, and angle ¢ opposite the base. There- 
fore, 


sin? = (5-3) 
or 
6 =dsing 


Substituting this result into Eq. 5-1, and then substituting the resul- 
tant expression for % into Eq. 5-2, gives the following equation for 
the field at P: 


E(¢) = 2E 


COs 5 sii “ ‘|| (5-4) 


This is the desired expression for the field at P as a function of the 
angle that the direction of P makes with the line perpendicular to 
the line of the array. This equation gives the shape of the pattern 
in the xy-plane (which may also be called the 6 = 7/2 plane). (In 
practical calculations, where trigonometric tables in degrees are 
being used, the quantity 7 appearing in Eq. 5-4 can be replaced by 
the number 180, since a radians = 180°.) The absolute-value 
brackets are used to indicate that the field intensity being calculated 
is proportional to the amplitude or to the rms value and is therefore 
a positive number, although the quantity inside the brackets may be 
sometimes positive and sometimes negative. 

In order to obtain the relative pattern (as defined in Sec. 3-2), for 
which the field strength in the maximum-intensity direction has the 
value unity, Eq. 5-4 must be divided by the maximum value of E, 


* It is a well-known theorem of trigonometry that if the sides of one angle are 
perpendicular to the sides of another angle, the two angles are equal. 
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which is usually but not always 2E,). (This factor occurs because 
the separate fields of each radiator were arbitrarily assigned the 
intensity Ey.) 

It is evident that this pattern depends on the spacing of the ele- 
ments d and their phasing a, as stated at the outset. It is worth 
noting that the problem just solved is very similar to that of the field 
due to an antenna and its image in a conducting earth, which was 
considered in Sec. 1-4. The differences are that in the antenna-and- 
image problem considered, the phase difference of the two has the 
fixed value 7 radians or 180 degrees, and the distance designated 2h 
in Fig. 1-14 may be much larger than d is usually permitted to be in 
an array (although sometimes 2h may be comparable to d). Other- 
wise the two situations are the same, mathematically. Physically 
there is still another difference, in that the interference pattern of the 
antenna-plus-image occupies only half of three-dimensional space, 
the other half being occupied by the reflecting earth. 


Three-Dimensional Pattern. Equation 5-4 describes the array pat- 
tern in the xy-plane, in which the angle @ of a three-dimensional 
coordinate system is constant (6 = 7/2 radians, or 90°). Therefore 
the pattern in this plane is not a function of 0, and 6 does not appear 
in the equation. 

The three-dimensional pattern is actually a “figure of revolution,” 
obtained by rotating the xy-plane pattern about the y-axis (line of 
the array). In other words, all patterns in planes through the y-axis 
are identical. For example, the pattern in the yz-plane is identical 
in shape and size to the pattern in the xy-plane. In this plane, 
however, the pattern equation is expressed as a function of the angle 
6 instead of the angle ¢; in other planes, both angles are involved. 
The expression for the complete three-dimensional pattern is 


as 5 __ 7d-sin 6-sin ‘| (5-4a) 


E(0, ¢) = 2E, 5 1 


The quantity sin ¢ in Eq. 5-4 is merely replaced by the product 
sin #-sind. (In the xy-plane, when @ = 90°, sin @ = 1; hence 
Eq. 5-4a becomes Eq. 5-4 in this plane, as it should.) 


Parallel-Dipole Two-Element Array. The pattern defined by Eq. 5-4 
can be plotted as a function of the angle ¢ for various values of 
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the parameters d and «.* Although the various resulting patterns 
pertain basically to an array of isotropic elements, they also represent 
the patterns of an array of two dipoles in the plane perpendicular to 
their axes, if the dipoles are parallel to each other and perpendicular 
to the line joining their centers (line of the array). In terms of Fig. 
5-1 the dipoles have their centers at the positions of the isotropic 
point sources on the y-axis, but their axes are parallel to the z-axis. 
In the xy-plane each dipole considered individually will have an 
“isotropic” pattern, that is, uniform radiation in all directions in 
that plane. Consequently the dipole-array pattern will be represen- 
ted by Eq. 5-4 in the xy-plane only. These two-element dipole- 
array patterns for a number of values of d and « within the ranges of 
greatest practical interest are shown in Fig. 5-3, as originally pub- 
lished by G. H. Brown.t They may be thought of as the horizontal- 
plane patterns of a pair of vertical dipoles or monopoles separated 
by a distance d and with currents having phase difference «. 

As shown in Fig. 5-3, the effect of the spacing and phasing of the 
dipoles is rather remarkable, and the variations in the patterns are 
extreme. The light-line circles represent the field pattern that would 
be obtained from a single dipole located at the midpoint of the array 
(with the array dipoles removed) radiating the same total power as 
the array. The heavy-line plots are the electric-intensity radiation 
patterns. A great deal can be learned about arrays in general by 
studying these two-element patterns. 

It should be noted that when the two elements are in phase 
(« = 0°), the radiation is always maximum in the direction per- 
pendicular to the line joining the elements. That is, because the 
distances from the elements to the field point (P, Fig. 5-1) are equal 
in that direction (¢ = 0°), the phase difference due to path difference 
is zero also; hence the total phase difference of the superimposed 


* Here is an excellent example of the true mathematical meaning of the term 
‘“‘narameter,” which was discussed at the beginning of Chapter 3. 

+ G. H. Brown, “‘ Directional Antennas,” Proceedings IRE, Vol. 25, pp. 78-145 
(January 1937). These patterns were also published by R. M. Foster in Bell 
System Technical Journal, April 1926, except that the absolute amplitudes of 
Foster’s patterns are based on a current amplitude in each dipole that remains 
the same for all spacings and phasings, whereas Brown’s patterns are for a 
constant radiated power. Because of the mutual-coupling effect on dipole 
radiation resistance and input impedance, the dipole currents may be different 
for the different spacings and phasings, for constant power radiated. 
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fields is 4% = 0°. Consequently, the fields add directly, and the 
maximum possible resultant field is obtained. When « = 0° and 
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Figure 5-3. Horizontal-plane patterns of two vertical dipoles (or monopoles). 
(Proc. IRE, 25, 78-145, January 1937.) 
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the pattern maximum is in the direction perpendicular to the array 
line, the antenna is called a broadside array. 

It should also be noted that for certain conditions the resultant 
field in some directions is zero—when the sum of the radiator phase 
difference («) and the phase difference due to path difference (2775/A) 
is an odd integral multiple of z radians. The fields of the individual 
radiators are in this case of equal amplitude and opposite phase, so 
they cancel. This occurs, for example, when « = 0° and d = X/2,in 
the ¢ = 90° and 270° directions, since in these directions the field 
phase-difference due to path difference is 180 degrees, whereas the 
phase difference due to radiator phase difference is zero. The same 
result occurs when the 180-degree net phase difference is due to a 
combination of path difference and radiator phase difference. These 
directions of zero intensity in a pattern are called nulls. 

Finally, it is to be noted that certain combinations of d and « 
result in maximum radiation in the direction of the line joining the 
array elements. The array is then said to be operating as an endfire 
array. The radiation of an endfire array may be either bidirectional 
(radiation lobes in both directions along the line of the array) or 
unidirectional (a lobe in one direction and a null in the opposite 
direction). Examples of unidirectional endfire arrays are the case of 
d = 2/8 with « = 135°, and the case of d= A/4 with a = 90°. 
When d is greater than 4/2, the array will have lobes in more than 
two directions, and may even be simultaneously broadside and end- 
fire. 

Although the two-element array is the simplest of all arrays, the 
variety of patterns obtainable makes it useful in many applications. 
In radio broadcasting in the MF band, for example, two vertical 
towers with appropriate spacing and phasing can be used to produce 
a horizontal-plane pattern (possibly one depicted in Fig. 5-3) to 
favor certain directions, or to minimize radiation in certain direc- 
tions, as may be required by the Federal Communications Com- 
mission to avoid interfering with the coverage area of another 
station on the same frequency. 


Principle of Pattern Multiplication. Equation 5—4 describes the pat- 
tern in one plane of either a two-element array of isotropic radiators 
or a two-element dipole array if the dipoles have their axes perpen- 
dicular to the line of the array and parallel to each other. Equation 
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5—4a describes the three-dimensional pattern of the array of isotropic 
elements, but it does not describe the three-dimensional pattern of 
the dipole array. In planes other than the one perpendicular to the 
dipole axes, the pattern is affected by the nonisotropic patterns of the 
individual dipoles. The question to be answered is, what is the 
three-dimensional pattern of the dipole array? 

The answer is provided by the principle of pattern multiplication.* 
If an array consists of elements whose three-dimensional electric- 
field patterns are all alike, and described by an expression that will 
be denoted £,(6, ¢), and if the array pattern for isotropic point- 
source elements has a three-dimensional pattern that will be denoted 
by £,(6, ¢), then the three-dimensional pattern of the array of actual 
elements, F,(0, ¢), is given by the formula 


E,(6, ) on ky: E.(9, ?) , E,(8, “) (3-3) 


That is, the pattern of the array of actual elements is obtained by 
multiplying together the pattern of a single element and the pattern of 
the array as calculated for isotropic point-source elements. The 
function E,(@, 4) is sometimes referred to as the antenna pattern 
factor, which is the product of the element factor E,(0, ¢) and the 
array factor E,(6, ¢). Squaring both sides of this equation converts 
it into a relationship of power-density patterns, in which the squares 
of the electric-intensity factors may be replaced by corresponding 
power-density pattern factors, F,(0, ¢), F.(?, ¢), and F,(0, 4), in 
accordance with Eq. 1-9, Chapter 1. 

The factor k,, is included in this equation as an arbitrary numerical 
constant to be adjusted to whatever value is required to make 
E,(0, ¢) a true relative pattern. That is, it is desired that FE, = 1 
for the particular values of @ and ¢ in the direction of maximum 
field intensity, in accordance with the definition of a relative pattern. 
If both E, and E, are relative patterns, it may happen that EF, will 
automatically be a relative pattern also, that is, with k, = 1. This 
will happen only when a maximum direction of EF, coincides with a 
maximum direction of E,, which it will not necessarily always do, 
although it often does. The factor k, is called a normalizing 
constant. 

As an example of the application of Eq. 5—5, the three-dimensional 


* J, D. Kraus, Antennas, McGraw-Hill, New York, 1950, Chapter 4. 
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pattern of a two-element array of isotropic radiators spaced a 
distance d apart on the y-axis, with phasing «, is given by Eq. 5-4a. 
The pattern of a half-wave dipole with its axis parallel to the z-axis 
is given by Eq. 4-11, Sec. 4-3. (This is the three-dimensional 
dipole pattern, even though it involves only the angle @ rather than 
both @ and ¢, because the three-dimensional pattern for this particu- 
lar dipole orientation is independent of the angle ¢; that is, the 
pattern in any plane corresponding to a particular value of ¢ is 
exactly like the pattern in a plane corresponding to any other value 
of ¢.) Therefore, the complete three-dimensional pattern of a two- 
element dipole array with this orientation of the dipole axes is given 
by multiplying these two patterns together: 


2, 
sin 6 


T 
cos |= cos @ 
fh a  md-sin @-sin ?\: ( 
E4(, 6) = k,|cos (5 x ae am 


(5-6) 


The principle of pattern multiplication and the calculation of array 
patterns in general have been discussed from the re/ative-pattern 
point of view. Unfortunately, an absolute pattern cannot be 
obtained simply by multiplying together the pattern of the array of 
isotropic elements and the absolute pattern of the array element. It 
is necessary to take into account the effect of mutual coupling between 
the elements, which modifies the relationship between their currents 
and the power radiated. This effect is discussed by G. H. Brown 
for the two-element array.* The basic ideas of the mutual coupling 
effect are considered later in this Section. 

Another method can be used to obtain the absolute pattern, if 
the relative pattern is known. As discussed in Sec. 3—3, the direc- 
tivity of an antenna, D, can in principle be calculated if the relative 
pattern is known (Eq. 3-20), although the actual process may be 
very difficult. Also, D can be measured, as will be discussed in 
Sec. 8-4. If both D and the total radiated power, P;, are known, 
the absolute pattern is obtained by multiplying the relative pattern 
by the expression given as Eq. 1-45, Chapter 1, that is, by the 
quantity V 30P,D/R, where R is the distance from the antenna to the 
field point. 


* G. H. Brown, Joc. cit. 
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In using the principle of pattern multiplication, certain rules must 
be observed: 


1. The pattern to be used for the array elements is the pattern that 
a single element would have if it were isolated, that is, not in the 
“array environment.” 

2. The array pattern to be used is the one calculated for isotropic 
point-source elements spaced and phased the same as the actual 
elements. The phasing cannot be calculated on the basis of a trans- 
mission-line feed system designed for the input impedances of the 
elements operating as isolated elements. Their actual input impe- 
dances will be affected by mutual coupling with other elements. 

3. All the array elements must be alike; they must have similar 
patterns, similarly oriented. For example, if the elements are 
dipoles, they must have their axes parallel to one another. If the 
elements are horns, they must be of the same form and size, and all 
*““aimed”’ in the same direction. 


An Alternative Approach. There are two equally correct approaches 
to finding the pattern of an array, one of which has just been out- 
lined. In this pattern-multiplication approach the pattern of an 
isolated element is employed, but the element phasing assumed 
includes the effect of the mutual coupling. In the other approach, 
which has been discussed by J. L. Allen,* the pattern of an element 
as affected by the mutual coupling with other elements is employed. 
The array pattern is obtained by superposing the fields of the ele- 
ments based on this pattern and by assuming a phasing that would 
occur if there were no mutual coupling. For details and further 
discussion of this method, the reader is referred to the paper by 
Allen. 


Effects of Mutual Coupling. As the foregoing discussion has im- 
plied, certain effects of mutual coupling between array elements have 
to be taken into account in calculating the array performance. 
When array elements are of finite size, as all practical radiators are, 
the fields of one element will induce voltage and current in adjacent 
elements, and vice versa. These induced voltages and currents 


* J. L. Allen, “‘Gain and Impedance Variation in Scanned Dipole Arrays,” 
IEEE Transactions on Antennas and Propagation,’ AP-10, No. 5, 567-569 
(September 1962). 
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cause the input impedance and radiation resistance of a dipole, 
for example, to be different from the values that would be observed 
if the dipole were isolated. Therefore, the feed system of an array 
cannot be designed on the basis of isolated-dipole input impedance 
values, nor can the radiated power be calculated on the basis of 
isolated-dipole radiation resistance. The mutual impedances must 
be taken into account. Calculation of mutual impedance effects is 
described in advanced textbooks and papers.* 

In the alternative approach to array pattern calculation, men- 
tioned in the preceding part of this section, the pattern of an element 
as affected by the mutual coupling is considered. This pattern is 
found experimentally by connecting a receiver to only one element 
of the array, with all the other elements connected to terminating 
impedances of the value that would be effective if the array were 
operated normally. The pattern measurement of this element is 
then conducted in the usual fashion, described in Sec. 8-3. The 
currents induced in the single receiving element (as well as in the 
terminated elements) will be the same as in actual array operation, 
including mutual-coupling effects. The pattern measured under 
these conditions is called ‘“‘the element pattern in the array environ- 
ment,” and it is in general different from the pattern of an isolated 
element. In the practical design of arrays the effects of mutual 
coupling are often evaluated experimentally, since theoretical calcu- 
lation is quite difficult, although the theory is helpful in understand- 
ing the general nature of the effect. As would be instinctively 
deduced, mutual coupling effects are greatest for closely spaced 
elements. It is also greater in an endfire array than in a broadside 
array. Although much of this discussion has been in terms of 
dipole elements, these effects occur with all types of array elements. 


Effect of Element Directivity. An interesting conclusion may be 
drawn from the principle of pattern multiplication concerning the 
use of directive elements in arrays. The conclusion is that if the 


* For example, P. S. Carter, ‘Circuit Relations in Radiation Systems and 
Applications to Antenna Problems,”’ Proceedings IRE, vol. 20, pp. 1004-1041 
(June 1932); also J. D. Kraus, ‘“‘ Antenna Arrays with Closely Spaced Elements,” 
Proceedings IRE, vol. 28, pp. 76-84 (February 1940); also C. T. Tai, “‘Coupled 
Antennas,” Proceedings IRE, vol. 36, pp. 487-500 (April 1948); and J. D. 
Kraus, Antennas, McGraw-Hill, 1950, Chapter 10. 


Sec. 5-2 Multielement Uniform Linear Arrays 223 


pattern of the array itself, that is, the array factor in Eq. 5—5, has a 
much narrower beamwidth than the element-pattern beamwidth, the 
overall pattern beamwidth and gain are determined primarily by the 
array factor. Element beamwidth and gain then have little effect 
for a given array configuration (fixed number of elements). How- 
ever, the use of directive elements may permit achieving a desired 
antenna beamwidth and gain with fewer elements spaced further 
apart than would be permissible with isotropic or wide-beamwidth 
elements, resulting in economy of elements and a simpler feed sys- 
tem, but not in a reduction of overall antenna size. 
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Figure 5-4. Linear array of four radiating elements. 


5-2. Miultielement Uniform Linear Arrays 


When more than two elements are used in an array, the principle 
of calculating the pattern (from which in turn the beamwidth and 
directive gain can be computed) is the same as for a two-element 
array except that the fields of all the elements must be superposed at 
the field point. The simplest type of multielement array is one in 
which all the radiators are in a line, with equal spacing between 
adjacent pairs, as shown in Fig. 5-4. The method of analysis is 
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suggested by showing a field-point P joined by ray lines to each 
element. Such an array is called a Jinear array. When all the 
elements are radiating with equal intensity, and the phase difference 
between adjacent elements is constant, the array is called uniform. 
This section deals with the properties of uniform linear arrays. 


Radiation Pattern. If the array contains n isotropic point-source 
elements, with equal spacing d and phase difference a between 
adjacent elements, the pattern in a plane containing the line of the 


array can be shown to be 
2 ad sin p a 
sin [n(=S"* — 5)| 


e =" sing _ | 
nS 1 5 


Exe a (5-7) 


where ¢, as in Eq. 5-4, is the angle between the direction of the field 
point and a perpendicular to the line of the array. For n = 2 this 
expression can be shown to be equivalent to Eq. 5-4 (despite the 
seeming dissimilarity). As in the two-element case, the three- 
dimensional pattern is obtained simply by replacing sin ¢ by the 
product sin ¢-sin 6. The factor n in the denominator is a normaliz- 
ing factor, as discussed for Eq. 5-5; that is, in this case k, = 1/n. 
The pattern has its maximum values at angles ¢ such that the 
quantity (7d sin 4)/A — a/2 = 0; that is, when (7d sin ¢)/A = «/2. 
The pattern will have additional maxima at angles for which this 
quantity is equal to an integral multiple of radians. At the maxima 


Eq. 5-7 is equivalent to 
( sin nx 
m 
n sin x 


x>mn 


(5-8) 


x70 


or 


sin nx 
nsin x 


where m is any integer. For either limit, this expression is an 
‘“‘indeterminate form” (zero divided by zero), but application of a 
method of differential calculus shows that the limit is unity. The 
pattern has secondary maxima, or minor lobes, when the numerator 
of Eq. 5-7 attains values expressed by sin [(2m + 1)(z/2)], where 
again m is-any integer, (ile...) 2,3. .). 

The variety of possible patterns for an array with a given number 
of elements, obtained with different values of d and «, is very great, 
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but many of the possibilities are primarily curiosities, of no practical 
value. Two basic types of pattern are of special interest. 


Broadside Linear Arrays. When « = 0°, all the elements are “‘in 
phase,” and pattern maxima occur at ¢ = 0° and ¢ = 180°, that is, 
in the directions perpendicular to the line of the array, which is then 
called a broadside array. The pattern will be maximum in these 
directions regardless of the element spacing, d. These will be the 
only primary maxima if dis less than A. If d = A, additional maxima 
occur at ¢ = 90° and 270°; as d is increased still further, additional 
maxima occur as cones of radiation about the axis of the array. 
They are known as grating lobes (so called because they are analogous 
to the lobes observed in the optical study of a diffraction or reflection 
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Figure 5-5. Linear horizontal array of six vertical dipoles. 


grating). Ordinarily, therefore, the spacing of elements in a broad- 
side array is kept less than a wavelength. 

However, it has been shown that, subject to this restriction, there 
is an advantage in spacing the elements of an array by somewhat 
more than half a wavelength. For a two-element array the opti- 
mum spacing is about 0.7 A, for four elements it is about 0.8 A, and 
for a large number of elements the optimum is about 0.95 ’.* The 
directivity increases gradually as the spacing is increased until the 
optimum is reached, then drops rather sharply with further increase. 
It is to be emphasized, however, that the advantage of the wider 
spacings is in the directivity obtainable with a given number of 


* C. T. Tai, “‘The Optimum Directivity of Uniformly Spaced Broadside Arrays 
of Dipoles,’’ LEEE Transactions on Antennas and Propagation, AP-12, No. 4, 
447 (July 1964). 
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elements. In terms of the ratio of the directivity to the total length 
of the array, there is no advantage in the wider spacing. 

The foregoing observations are based on a uniform linear broad- 
side array of point-source isotropic radiators. They apply also toa 
similar array of dipoles with their centers on the array line and their 
axes perpendicular to the array line and parallel to each other, as in 
Fig. 5-5, with respect to the pattern in the plane perpendicular to 
the dipole axes, that is, the xy-plane in Fig. 5-4. If the array line 
is horizontal, the dipole axes are vertical, and the radiation is verti- 
cally polarized. (It is also possible to make the array line vertical 
and have the dipole axes horizontal, and the radiation will then be 
horizontally polarized.) The spacing effects for an array of isotropes 
also apply to the dipoles in this case because their individual pat- 
terns are omnidirectional in the plane perpendicular to their axes. 
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Figure 5—6. Collinear broadside array. 


The dipoles can also be arranged with their axes parallel to the 
line of the array, which is then called a collinear broadside array. 
This arrangement, pictured in Fig. 5—6, allows a center-to-center 
dipole spacing somewhat greater than is permissible with parallel 
dipoles, because the patterns of the individual dipoles have nulls in 
the d = 90° and ¢ = 270° directions (i.e., in line with their axes and 
the line of the array). Therefore the wide-angle grating lobes of 
radiation that appear with greater spacings are suppressed, for 
element spacings somewhat greater than a wavelength, in accordance 
with the principle of pattern multiplication. 

The in-phase currents in the individual dipoles, required for a 
broadside pattern, may be obtained by properly connecting a 
branched transmission line to the feed point of each dipole, that is, 
if the total line length from the transmitter to each dipole is the same, 
as in Fig. 2-8a, Chapter 2, the dipoles will be fed in phase. (Care 
must be taken to see that the same side of the line is connected to the 
same side of each dipole; reversing this connection reverses the 
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phase.) In an alternative feed arrangement, shown in Fig. 5-7, the 
feed line is connected between the ends of one pair of dipoles, which 
causes them to be in-phase. (This is a high-impedance feed point, 
since the ends of the dipoles are voltage-maximum points.) Then 
quarter-wave stubs are connected between the ends of the additional 
adjacent pairs of dipoles, providing simultaneously a feed connec- 
tion and proper phasing. (Recall that if the dipoles are directly 
connected end to end, without the quarter-wave stub, the current in 
alternate half-wave sections will be out of phase; the antenna will 
be of the long-wire type, and the pattern will be entirely different.) 
This arrangement is known as a Franklin antenna. 
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Figure 5-7. A six-half-wave Franklin antenna (six-element collinear dipole 
array). 


The collinear array can also be fed by transmission lines connected 
between the ends of pairs of adjacent dipoles. This has an advantage 
over center-feeding each dipole individually, in that only one trans- 
mission-line branch is required for each pair of dipoles. Also, the 
relatively high feed-point impedance is usually more easily matched 
to a two-wire line. The dipole spacing is then restricted to one-half 
wavelength (as is also true for the Franklin antenna), but this is a 
fairly satisfactory spacing. 

Broadside arrays may also be formed from other types of elements, 
such as horns, slots, helixes, and polyrods. If the individual ele- 
ments are themselves directional, their maximum radiation should be 
in the broadside direction. If they are unidirectional radiators, such 
as sectoral or pyramidal horns, waveguide slots, axial-mode helixes, 
and polyrods, a unidirectional broadside array results. When the 
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elements themselves are fairly directional, they can be spaced con- 
siderably farther apart than isotropes or parallel dipoles, because 
their directionality suppresses the unwanted grating lobes that would 
occur with isotropic elements. 

Figure 5-8 shows a typical plane pattern of a uniform broadside 
linear array of isotropic elements, in the plane containing the line of 
the array. 


Endfire Arrays. If in Eq. 5-7 the phase-difference « between adjacent 
elements is equal to 27d/X radians, the condition for a maximum of 
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Figure 5-8. Approximate pattern of an 8-element uniform broadside linear 
array of point-source isotropic elements. 


radiation is satisfied when ¢ = 90°, and for this value only, provided 
that dis less than A/2. The maximum field intensity is radiated in a 
direction along the line of the array, “‘ off the end” rather than broad- 
side; hence the name endfire array. The maximum is toward only 
one of the ends of the array, rather than in both the endfire directions. 
In terms of Fig. 5—4, if the progressive phase change is a retardation 
going in the direction of the positive y-axis by the amount «a per ele- 
ment, the beam will be in the ¢ = 90° direction. If the sign of « is 
changed, or its amount is increased by 180 degrees without changing 
the element spacing, the beam will be in the direction ¢ = 270°. 
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Although the condition stated above for the value of a results in 
an endfire array, it does not result in an endfire pattern with the maxi- 
mum possible directivity and narrowest possible beam. It has been 
shown by Hansen and Woodyard* that an endfire beam with some- 
what greater gain results if the phase change per element satisfies the 
following condition: 


c= (ex + 4 radians (5-9) 
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Figure 5-9. One form of feed arrangement suitable for an endfire array. 


where n is the number of elements in the array. This relationship is 
referred to in the antenna literature as the Hansen-Woodyard con- 
dition. (This condition does not necessarily result in a unidirectional 
pattern, however, as does the basic endfire condition.) 

The correct phase of current or field to each radiating element of 
an endfire array requires a feed system in which the current or field 
must travel through a longer path in the transmission line or wave- 
guide to each successive element along the array, the increased length 
of line or guide per element being equal to wA/27, where a is the re- 
quired phase change per element expressed in radians and XQ is the 
wavelength. If a waveguide line is used, A in this formula is the 
guide wavelength, A, (Chapter 2, Eq. 2-68). Figure 5-9 illustrates 
this principle for a four-element endfire dipole array. (Incidentally 


* W. W. Hansen and J. R. Woodyard, ‘“‘A New Principle in Directional An- 
tenna Design,” Proceedings IRE, 26, 333-335 (March 1938). 
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the basic endfire analysis assumes isotropic radiators, but it applies 
also to other radiators that have radiation along the line of the array. 
Thus parallel dipoles can be used, as shown, but not collinear 
dipoles.) 

The feed system must also be a matched-impedance system, that 
is, one with hardly any standing wave on it, in order to produce the 
required phasing of the elements in accordance with this formula. 
There must be an impedance match at each branch point of the line, 
in accordance with principles described in Chapter 2; see, for 
example, Fig. 2-7. The impedance relations must also be adjusted 
so that equal currents are fed to all the dipoles in order for Eq. 5-7 
to apply. A typical endfire array pattern is shown in Fig. 5-10, 
for isotropic point-source radiators, in a plane containing the array 
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Figure 5-10. Typical endfire array pattern in a plane containing the line of 
the array. 


line. The beam has three-dimensional axial symmetry; for example, 
if the beam axis is horizontal, the horizontal and vertical beamwidths 
are the same. (This is true only for isotropic elements.) 

Some of the patterns shown in Fig. 5—3 are those of two-element 
endfire arrays. A few of them have not only a maximum in one 
endfire direction (the ‘“‘front”’ direction) but also a complete null, 
or zero field intensity, in the opposite (back) direction. The cases 
d = d/8 with « = 135° and d = 4/4 with « = 90° are examples. 
These particular patterns are advantageous in applications where a 
high front-to-back ratio is desired. The condition for a null in one 
endfire direction is 


“= n(1 + =) radians (5-10) 
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which of course corresponds to 180(1 + 2d/X) degrees. (Choosing 
the plus or minus sign merely corresponds to changing the particular 
endfire direction in which the null occurs.) Satisfying this null 
condition does not insure a maximum in the other direction. In 
fact, if dis an odd multiple of a half wavelength, Eq. 5-10 corres- 
ponds to an in-phase condition of the elements (« = 0° or an 
integral multiple of 360°). This produces a broadside array, with 
nulls in both endfire directions. However, with some spacings, of 
which examples are given above, a maximum does occur in the 
direction opposite the null, producing a unidirectional pattern. In 
fact, the two-element array with d = \/8 and a = 135° simultaneously 
satisfies the condition for a null in the back direction and the Hansen- 
Woodyard condition for maximum forward directivity for that parti- 
cular spacing. 

Incidentally, the null condition, Eq. 5-10, applies not only to the 
two-element array but also to any uniform linear endfire array with 
an even number of elements, since the elements cancel in pairs in the 
null direction. It may also be noted that the null is never absolute 
because of unavoidable imperfections in the spacing and phasing of 
the elements, and many-element arrays are more susceptible to such 
imperfections than those of few elements. 


5-3. Parasitically Excited Endfire Arrays 


It is not necessary to feed each element of an endfire array by 
direct connection to a transmission line. If only one dipole of such 
an array is directly fed, or driven, the field that it sets up will cause 
currents to flow in adjoining elements. This process is called para- 
sitic excitation, and the elements thus excited are parasitic elements. 
Endfire arrays employing this principle are known as Yagi-Uda 
antennas (often called simply ‘‘ Yagis’’).* As noted in Sec. 4-9, 
the Yagi-Uda antenna can also be regarded as a_ surface-wave 
antenna. 


* Although these antennas are commonly called Yagis a more appropriate 
term is Yagi-Uda antenna, since this type of array was first described (in 
Japanese) by Professor Uda (as discussed by G. C. Southworth in Antenna 
Engineering Handbook, H. Jasik (ed.), McGraw-Hill, New York, 1961, p. 
5-24). H. Yagi was the first to describe the antenna in English, and although 
he gave full credit to Uda, his name has subsequently been associated with it. 
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Parasitic excitation cannot be employed in broadside arrays. To 
produce the in-phase currents required for a broadside pattern, a 
full-wavelength element spacing would be required. There would 
then be two endfire lobes of radiation as well as the two broadside 
lobes, and this type of pattern is not a true broadside pattern. 
Therefore broadside arrays are always driven rather than parasitic. 
(There are some antennas that might be considered exceptions to 
this statement. In them parasitically excited elements produce a 
broadside beam, but the exciting source is not itself part of the 
array.) 

The phases of the currents in parasitic dipole elements are deter- 
mined by their spacing from the adjacent element, and also by their 
lengths. A parasitic dipole cut exactly a half wavelength or slightly 
longer will be inductive, and the phase of its current will lag the 
induced emf. A dipole cut shorter than a half wavelength will be 
capacitive, and the current in it will lead the induced emf. Com- 
paratively close spacing of elements is used in parasitic arrays to 
obtain good excitation, and the induction fields of the elements play 
a major role, so that an exact analysis is very complicated. It is 
known, however, that properly spaced dipole elements slightly 
shorter than a half wavelength act as directors, reinforcing the field of 
the driven element in the direction away from the driven element. 
Thus a line of directors may be used, and each one will excite the 
next one. On the other hand, an element one-half-wavelength 
long or slightly longer will act as a reflector, if correctly spaced, 
reinforcing the field of the driven element in a direction toward the 
driven element from the reflector. Therefore if a reflector element is 
placed adjacent to a driven element, another element placed beyond 
the reflector will not be appreciably excited. (Although parasitic 
elements are usually longer or shorter than a half wavelength when 
used as reflectors or directors, respectively, they may also be one 
half-wavelength long and made to act as reflectors or directors by 
proper spacing.) 

For these reasons a Yagi-Uda endfire array usually consists of one 
driven element, one reflector on one side of it, and a number of 
directors on the other side of it. A typical arrangement is shown in 
Fig. 5-11. Antennas of this type offer the advantages of a uni- 
directional beam of moderate directivity with light weight, simplicity 
of feed-system design, and low cost. The design becomes critical, 
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however, if high directivity is attempted through the use of many 
elements. Up to five or six may be used without difficulty, and 
arrays of thirty or forty elements are possible. The input impedance 
of a Yagi-Uda array tends to be low, and the bandwidth is limited 
to around 2%, typically. Directive gain of around 10 db is readily 
achieved with a moderate number of elements (five or six). Higher 
gains may be achieved by making a broadside array of which the 
elements are Yagi-Uda arrays. 


Driven element 
ee et et ee rete eee Sept Swe polos iy 
Beam direction 
Reflector male fi7 


Directors 


Feed line 


Figure 5-11. A Yagi-Uda parasitic endfire array with one reflector and five 
directors. 


S—4. Planar Arrays 


As was implied in the discussion of Yagi-Uda endfire arrays, there 
is a practical limit to the directivity that can be obtained from a linear 
array by increasing the number of elements. The limit is reached 
sooner in a parasitic array than in a driven one, and sooner in a 
driven endfire array than in a broadside one, but there is a practical 
limit in all forms of linear arrays. The emphasis is on the word 
“practical”’; in theory there is no limit. When the number of elements 
is made extremely large the correct phasing of the currents becomes 
extremely critical. Very slight errors of phasing will nullify the 
expected advantage of additional elements, and the practical 
problem of maintaining the necessary exact phasing is virtually 
impossible to solve. A linear array that results in about a 0.1° 
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beamwidth represents approximately a practical limit. (Such an 
array would have about 1000 elements.) 

The directivity of an array can be increased, however, by combining 
broadside linear arrays to form a broadside planar array. A broad- 
side linear array of isotropic elements has a pattern that may have a 
narrow beamwidth in a plane containing the line of the array, but it 
radiates uniformly in all directions of a plane perpendicular to the 
line of the array. Thus a many-element linear broadside array has a 
three-dimensional pattern that was earlier described as like a “pan- 
cake” (as compared with the relatively fat “doughnut” pattern ofa 
dipole). But when broadside linear arrays are arranged in parallel 
rows with correct phasing to form a broadside planar array, the 
pattern becomes two separate lobes, each having a maximum in 
one of the two opposite directions perpendicular to the plane of the 
array. The two lobes are identical (mirror images of each other) 
and are characterized in general by two beamwidths measured 
in planes perpendicular to each other through the beam axis. (The 
two planes are usually chosen parallel to and perpendicular to 
the line of the basic linear arrays of which the plane array is 
formed.) 

If the number of linear arrays thus “‘stacked”’ in rows is equal to 
the number of elements in one of the linear arrays, and the spacing of 
the rows is equal to the spacing of elements in each linear array, the 
total plane array is a square. In fact, if the plane of the array is 
vertical, it is impossible to say whether it consists of horizontal 
linear arrays stacked vertically in rows, or vertical linear arrays 
arranged horizontally in columns; the array is in fact a matrix of 
rows and columns. It is often convenient for purposes of analysis 
however, to consider the planar array as a plane assembly of parallel 
linear arrays. When the array is rectangular rather than square the 
linear arrays are usually considered to run parallel to the longer 
dimension. 

The commonest array element is the dipole, and the dipole axes 
are ordinarily parallel to one side of the array. In a vertical planar 
array, the dipoles are placed vertically if vertical polarization is 
desired and horizontally to obtain horizontal polarization. Then 
linear arrays considered in one direction are collinear arrays, and in 
the other direction they are parallel-dipole arrays. Figure 5-12 
illustrates a vertical planar dipole array that is two (vertical) dipoles 
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high and four dipoles wide (a “two-by-four’’). Such arrays are 
sometimes called curtains. 


Three-Dimensional Pattern. The theory of planar arrays is best 
approached, however, assuming isotropic point-source radiators. If 
the coordinate system of Fig. 5-12 is used but isotropic point sources 
are assumed instead of dipoles, the horizontal-plane pattern of one 
horizontal row of elements is given by Eq. 5-7 with « = 0°. (This 


z 


Dipoles 


Figure 5-12. A two-by-four, dipole broadside planar array in yz plane. 
(Beam is in the x direction.) 


expression is also the pattern of the planar array in the horizontal 
plane.) This linear-array pattern must now be expressed in a 
three-dimensional form, that is, one that includes the colatitude 
angle @ as well as the longitude angle ¢. This expression for a 
horizontal broadside linear array (« = 0°), parallel to the y-axis, is 
Ain Im, [= sin ¢ sin “)] 
r 
onic = = sin | 


E,(8, $) = (5-11) 
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A vertical column of elements in a vertical planar array is in effect 
a linear array with the line of the array along the @ = 0° direction 
(z-axis) of the coordinate system. Obviously the three-dimensional 
pattern of such an array will have the same shape (for a given number 
of elements n) as a horizontal linear array, but rotated in the coordi- 
nate system to agree with the new direction of the array line. This 
will, however, result in a different mathematical expression for the 
pattern. The correct expression is 


sin [n( za. ‘) ns 


eee = cos | 
x A 


EO, ¢) = 


(The angle ¢ does not enter into Eq. 5-12 even though it describes the 
complete three-dimensional pattern, because for this orientation of 
the linear array the pattern is independent of ¢; this results from the 
nature of the coordinate system.) 

These two equations express separately the patterns of horizontal 
and vertical linear arrays into which the plane array may be decom- 
posed. The question is, then, what is the pattern of the complete 
array ? 

The answer is obtained by application of the principle of pattern 
multiplication. This principle can be applied in the present case by 
considering the uniform planar array to be a horizontal uniform 
linear array, whose individual e/ements are vertical uniform arrays. 
Therefore the complete pattern is given by simply multiplying to- 
gether the right-hand sides of Eqs. 5-11 and 5-12. The result is 


7 (“= sin @ sin *)| : | (= COS ")| 
SiN) | Ci) Sea |S Ne rae 
ad,sin @ sin ‘) He = Cos "| 


A A 


E(6, $) = 


NN, Sin | 


This is a rather cumbersome expression, but it is arrived at in a 
straightforward way. The subscripts / and v are used with n and d 
to denote the number of elements and their spacing in both the hori- 
zontal and vertical dimensions. (Here the factor k, of Eq. 5-5 is 
equal to 1/n,n,.) 

This expression therefore gives the three-dimensional pattern of a 
planar broadside array of isotropic point sources. There is a further 
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step required, since the usual plane array has half-wave dipole 
elements rather than isotropic elements. As might be supposed, 
the complete pattern is then obtained by multiplying Eq. 5-13 by 
the relative pattern of a dipole. If the dipoles in the array are placed 
with their axes vertical (i.e., lying along the @ = 0° direction, or 
z-axis), their patterns are given by Eq. 4-11 (only the part in the 
square brackets is needed for the relative pattern). When the dipoles 
are horizontal (parallel to the y-axis) the relative pattern (corres- 
ponding to Eq. 4-11 for a vertical half-wave dipole) is 


cos (5 sin # sin s) 


E 0, SS ee bea et 
9) V1 — sin? @ sin? ¢ i) 
(This additional multiplication will not be performed explicitly here 


because the principle has already been adequately illustrated.) 


5—5. Volume Arrays and Plane Reflectors 


Just as a planar array was formed by stacking linear arrays in parallel 
rows, a volume array can be formed by combining planar arrays. 
As noted, a single broadside planar array has a bidirectional pattern. 
If two such arrays are placed parallel to each other a distance d apart 
and phased so that the corresponding array of the two isotropic 
elements would be a unidirectional endfire array (Eq. 5-10), the result- 
ing complete pattern will be unidirectional. Ordinarily, two planes 
of elements will suffice. The complete pattern is then obtained by 
further application of the principle of pattern multiplication. 

Still another method of obtaining a unidirectional beam is to place 
a plane reflecting surface parallel to a single planar array, with a 
suitable spacing between the array and the reflector. The resulting 
pattern may be calculated by considering the actual array in combi- 
nation with its image in the reflector, according to the image principle 
described in Sec. 1-2. The spacing between the planar array and its 
image will be twice the spacing of the array and the reflector, and the 
phases will be opposite, that is, 180 degrees apart. Thus the array 
plus its image are in effect a volume array, two elements deep. 

The reflector method has advantages over the actual volume-array 
method, in that since there are actually only half as many dipoles the 
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feed system is less complicated. Also the reflector effectively pre- 
vents back radiation except for a small amount due to diffraction 
around the edges of the reflector, provided that the reflector is either 
a solid sheet of metal or a fine-mesh screen. However, a fairly 
coarse mesh or even a parallel-wire grating (wires parallel to the 
antenna polarization) gives satisfactory results, with much-reduced 
weight and wind resistance, if the spacing between reflector wires in 
the direction perpendicular to the polarization is a small fraction of a 
wavelength. The reflecting surface should extend some distance 
beyond the edge elements of the array—usually a distance com- 
parable to the spacing between elements. 

The dipole-to-reflector spacing, within certain limits, is not critical. 
The useful range of spacings is from about 1/16 to 1/4 wavelength. 
Close spacing gives somewhat greater gain with an array of few 
elements, but at the expense of low dipole-feed-point impedance and 
reduced bandwidth. With large arrays the gain does not depend 
appreciably on the spacing, within the permitted range. Too large 
a spacing, however (greater than half a wavelength), will “split”’ the 
pattern and result in more than one beam. A good compromise 
among the competing factors—directivity, ohmic losses, and band- 
width—is a spacing of about 1/8 wavelength. (Ohmic losses in- 
crease with the closer spacings because of lowered radiation resistance 
and higher currents.) 

The two-element-deep volume array, consisting of two large-area 
vertical planar arrays, may be preferable at the lower frequencies 
because a reflector of sufficient size would be much more expensive 
and would have excessive wind resistance. Such antennas, known 
as “‘double curtain” arrays, can be used in the frequency range from 
about 3 to 30 Mc or higher. Above 30 Mc the use of a reflector 
instead of a true volume array becomes increasingly advantageous. 
A compromise method is the use of parasitic dipoles as the reflecting 
device. Planar arrays with plane reflectors, sometimes called “mat- 
tress”’ or “‘bedspring”’ antennas, are much used in the VHF and 
UHF bands. As radar antennas they are often mounted on a rotat- 
ing platform so that the beam ‘“‘scans”’ the horizon, typically at 
rotation speeds of 1 to 30 rpm, depending on the antenna size. Such 
reflecting screens are commonly as large as 30 feet or more with 
hundreds of elements, and much larger ones can be used on occa- 
sion for special purposes. 


Sec. 5-6 Beamwidth and Gain of Broadside Arrays 239 


5-6. Beamwidth and Gain of Broadside Arrays 


Array patterns have been discussed in their relative forms, with 
only occasional brief reference to gain and beamwidth properties. 
In principle, both the beamwidth and the directive gain can be cal- 
culated when the relative pattern is known, as has been illustrated for 
the short dipole in Sec. 4-1. Because array pattern expressions 
may often be very difficult to calculate, approximation formulas for 
these parameters are often useful. Such formulas have been devised 
for broadside arrays, which are the most common type of driven 
arrays in narrow-beam high-directivity applications. 

The simplest example is a uniform broadside linear array of n 
isotropic elements spaced a half-wavelength apart. For values of n 
larger than 3, the beamwidth is approximately 102/n degrees. (For 
n = 3, the beamwidth is 36 degrees, and for n = 2 it is 60 degrees.) 
The directivity of such an array is equal to n. Since isotropic ele- 
ments do not exist, these results are somewhat academic. However, 
the beamwidth formula can also be applied to an array of parallel 
dipoles in the plane perpendicular to the dipole axes. (This is the 
type of linear array pictured in Fig. 5-4.) Furthermore, the beam- 
width and gain results for the array of isotropes are directly appli- 
cable to an array of many collinear dipoles (as illustrated by Figs. 
5-5 and 5-6), since for a long enough array the array pattern alone 
will primarily determine the beamwidth and directivity. The dipole 
pattern will have little effect. 

When the element spacing is not a half-wavelength but is not 
greatly different from this value, the beamwidth formula becomes 

BWice Bs degrees (5-15) 
(which is seen to become 102/n for d = 4/2). The variation of the 
directivity with element spacing for a given number of elements is 
not expressible by a simple formula. Curves showing this variation 
have been published by Tai* for both uniform and nonuniform 
linear arrays. As mentioned earlier, the gain for a given number of 
elements increases as the spacing is increased up to a maximum 


Men T. Tai; loc: cit. 
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which occurs at slightly less than one wavelength spacing (about 
0.95 A) for a large array (many elements). Forn = 3 the maximum 
directivity occurs at about d = 0.8 A. 

The beamwidth formula, Eq. 5-15, can also be applied to the 
horizontal and vertical beamwidths of a vertical planar array by 
considering it to be a linear array in each direction, of m, elements 
with spacing d, horizontally, and n, elements with spacing d, verti- 
cally. Although this formula is for an array without a reflecting 
screen it also applies with a reflector if n is large. 

Broadside arrays are often made unidirectional by placing a reflect- 
ing screen behind the array, or by using two curtains of arrays with 
endfire phasing between the curtains (preferably subject also to the 
null condition in the back direction, Eq. 5-10). When such arrays 
are large (many wavelengths) the beamwidths and directivity are 
given by formulas of the following type: 


BW = k,(=) (5-16) 
vee ka( “3 ) (5-17) 


where k, and k, are of the order of one or slightly less, if the beam- 
width is expressed in radians and if the array is uniform (all elements 
similar and radiating with equal intensity). If the beamwidth is 
expressed in degrees, k, is in the vicinity of 60—somewhat less fora 
uniform array and somewhat more for tapered arrays, which are the 
next topic of discussion. For a tapered array the constant k in 
Eq. 5-17 is less than one. 

Equation 5-17 with k, = 1 represents the maximum directivity 
that can be obtained with an ordinary unidirectional planar array of 
area A. As mentioned, k, = 1 applies to a broadside uniformly 
excited planar unidirectional array (all elements in phase and radiat- 
ing with equal intensity). Similarly, the directivity D =n for a 
broadside half-wave-spaced uniform linear array of n elements (no 
reflector) is ordinarily the maximum obtainable value of directivity 
for an array of that /ength. (This means that the maximum direc- 
tivity is D = (2//A) + 1, where / is the length of the array.) 

However, it is possible, in an array of closely spaced elements, to 
achieve directivities greater than these uniform-array maximum 
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values by properly phasing the elements. An array in which this is 
done is a supergain or superdirective array. The superdirective array 
is characterized by relatively large phase changes within a relatively 
small distance.* Theoretically, very large directivity can be ob- 
tained in this way with a physically small array. 

This possibility, however, is not as attractive as it seems at first. 
The mutual coupling effects are very pronounced, and they result in 
much larger currents and induction fields than in a normal array. 
These effects increase enormously if any substantial amount of 
superdirectivity is attempted, to the extent that ohmic losses quickly 
overcome any increase in directivity that is obtained, so that power 
gain is not increased. Also, the bandwidth of such antennas rapidly 
becomes extremely small as the superdirectivity is increased. There- 
fore, the supergain effect is not practical except in very limited 
degree in special situations. Moderate superdirectivity is achieved, 
for example, in endfire arrays phased according to the Hansen- 
Woodyard condition, but even moderate superdirectivity is imprac- 
tical in broadside arrays. 


5-7. Array Tapering for Side-Lobe Reduction 


As indicated in Figs. 5—8 and 5-10, directional antenna patterns are 
(usually) characterized by minor lobes in addition to the main lobe 
or lobes. Generally, these minor lobes are undesired. Although 
the principal advantage of a directional antenna may be the gain that 
it provides in the desired direction, sometimes it is almost equally 
important to minimize radiation toward or reception from an un- 
desired direction. Obviously the minor lobes of a pattern may at 
least partially defeat these purposes. They are practically always 
somewhat objectionable, so that ordinarily it is desirable to mini- 
mize their strengths in relation to the main-lobe strength. The 
matter is especially serious for radar systems in which minor lobes 
cause the appearance of “false targets.” That is, echoes from objects 
located in a minor-lobe direction will be wrongly interpreted as 


* Henry Jasik, Antenna Engineering Handbook, McGraw-Hill, New York, 
1962, Chapter 2, p. 50. 
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main-lobe echoes or may “clutter” the radar scope so as to obscure 
echoes from targets of interest. 

The minor lobes immediately adjacent to the main lobe are side 
lobes. Since these are usually the largest of the minor lobes, and 
hence of greatest importance, “side lobes” is often used when the 
more inclusive term “minor lobes” would be more proper. This is 
particularly true of the terms “‘side-lobe ratio” and *“side-lobe 
level,” which refer to the ratio of the main-beam power density to 
the power density of the largest minor lobe. When expressed in 
decibels it is called the side-lobe level. It is a figure of merit, since 
the larger its value, the better the antenna performance from the 
point of view of favoring main-lobe signals and discriminating 
against signals from other directions. (This statement is cast in 
terms of using the antenna for reception, but a similar statement 
applies in the transmitting case. There the objective is to avoid 
radiation in undesired directions that might cause unnecessary inter- 
ference to receiving stations in those directions, and also to avoid the 
waste of power represented by minor-lobe radiation.) 

Because of the importance of the side-lobe level in some appli- 
cations, the subject has been studied very thoroughly, and techniques 
of antenna design to reduce the side lobes (in relation to the main 
lobe) have been developed. As applied to arrays, these techniques 
are primarily intended for use with broadside arrays, although the 
general principles apply to endfire arrays as well. 

In the preceding discussions of broadside arrays it has been 
assumed that all the array elements are of equal strength. For 
dipole elements this means that the currents in the individual dipoles 
are all equal in amplitude, as well as all in phase. When this condi- 
tion obtains, it can be shown that the ratio of main-beam power 
density to the first-side-lobe power density is approximately 20, or 
13 db. (The figure is not exact and varies somewhat with the num- 
ber of array elements, being only about 12 db for an array of four or 
five elements. The 13-db figure is approximately applicable to 
arrays of many elements.) 

This may sometimes be an unacceptably high side-lobe level. 
Radar systems, for example, generally require that the side lobes be 
20 to 30 db below the main lobe, and in special cases even greater 
reduction may be desired. (Some confusion is occasionally caused 
by the fact that a “low side-lobe level”’ means a high side-lobe ratio. 
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That is, the smaller the side lobes are, the larger will be the number, 
whether expressed as a power-density ratio or a decibel value that 
describes their level relative to the main lobe.) 

The technique that has been developed for reducing minor lobes 
is called “‘tapering.” The term refers to nonuniformity of the ele- 
ment strengths (e.g., dipole currents) in a linear array. It has been 
found that minor lobes are reduced in amplitude if the center ele- 
ments of the array radiate more strongly than the end elements, the 
Strengths being gradually tapered from center to end according to 
some prescription. 

The particular prescription that is most useful, one that has been 
developed as an engineering technique to a high degree, is the Dolph- 
Tchebyscheff distribution. The theory and procedure, worked out 
by C. L. Dolph,* are based on the use of mathematical functions 
called Tchebyscheff polynomials (pronounced Cheb’-ee-shef). 

Dolph’s approach to the problem recognizes that a reduction of 
side-lobe level cannot be accomplished without sacrifice of antenna 
performance in some other respects. The other performance para- 
meters affected are the beamwidth and the gain (directivity), but the 
primary one is the beamwidth. Gain is of course affected since it 
depends on the beamwidth, but it also depends on other factors (e.g., 
the fraction of total power radiated in minor lobes). Dolph was 
able to devise a method of finding the current distribution for a 
broadside array of parallel dipoles that results in the minimum 
beamwidth for a given degree of side-lobe reduction. 

The detailed procedure of calculating the dipole currents by 
Dolph’s method is rather lengthy and involved. The details are 
described in advanced antenna-engineering textbooks.¢ Also, 
extensive tables of the relative element currents for various numbers 
of array elements and side-lobe levels have been machine-computed 
and published as a Government report by Brown and Scharp.t A 


* C. L. Dolph, “A Current Distribution for Broadside Arrays Which Opti- 
mizes the Relationship between Beam Width and Side-Lobe Level,’’ Proceed- 
ings IRE, 34, 335-348 (June 1946). 
{| For example, H. Jasik, Antenna Engineering Handbook, McGraw-Hill, 
1961, pp. 2-20 to 2-24. 

t L. B. Brown and G. A. Scharp, Tchebysheff Antenna Distribution, Beam- 
width, and Gain Tables, Naval Ordnance Laboratory (Corona, Calif.) Report, 
383 (NAVORD 4629), 28 February 1958. 
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sample of these tabulated values is given below, as an indication of 
the general nature of Dolph-Tchebyscheff distributions. This 
table is for an eight-element linear array designed for a 30-db side- 
lobe level. The array elements are numbered | through 8 progres- 
sively from one end of the array to the other, numbers 4 and 5 
being the two center elements. 


Element Numbers Relative Currents 
1 and 8 0.26 
2 and 7 i paPs 
3 and 6 0.81 
4 and 5 1.00 


The current distribution is symmetrical about the center of 
the array; hence the elements can be grouped in pairs as shown. 
The current values are normalized to the value unity at the center 
of the antenna. As the table shows, for this 30-db side-lobe level, 
the end-element currents are only 26% of the center-element current. 

The 3-db beamwidth of this array is 16.4 degrees, and the gain, for 
half-wavelength element spacing, is 8.3 (9.2 db). Brown and 
Scharp’s tables give similar data for arrays of three to forty elements 
and for side-lobe levels of zero db to 40 db. 

The Dolph-Tchebyscheff distribution of currents results in side 
lobes that are all of the same amplitude, in contrast with the uniform 
distribution for which the side lobes adjacent to the main beam are 
the largest, the remaining ones becoming progressively smaller with 
increasing angle from the main lobe. Since the number of side 
lobes in the complete pattern increases with the size of the array, it 
can be concluded that for a given side-lobe level the fraction of the 
total radiated power in the side lobes increases as the size of the array 
(number of elements) increases. For this reason, although for a 
given number of elements the beam width may be decreased by 
allowing higher side lobes, with the Dolph-Tchebyscheff distribution, 
this does not necessarily result in increased directivity. This fact 
is seen in a set of curves published by Stegen, which are reproduced 
as Fig. 5-13. The uppermost curve has been added to those pub- 
lished by Stegen; it represents the gain that would be obtained with 
uniform distribution and shows that the gain for this case is always 
greater than the tapered-array gain. Stegen’s curves also show that 
reducing the taper does not always increase the gain; in fact, when 
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the number of elements is large, exactly the opposite is true for 
Dolph-Tchebyscheff arrays. 

Unfortunately no systematic method has been devised for maxi- 
mizing the directivity for a given side-lobe level. A method devised 
by Taylor* probably achieves a better balance among all three 
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Figure 5-13. Directivity versus number of elements for a Dolph-Tcheby- 
scheff tapered array, for various sidelobe levels. (From R. J. Stegen, “Gain 
of Tchebycheff Arrays,” IRE Trans. Antennas Propagation, AP-8, No. 6, 631, 
November 1960. 


factors—side lobes, beamwidth, and directivity. Taylor’s method is 
basically designed to apply to an aperture distribution—radiation 
from an aperture due to a field distribution rather than to an array of 
discrete elements. (Antennas of the type to which it directly applies 


* T. T. Taylor, ‘“‘ Design of Line-Source Antennas for Narrow Beamwidth and 
Low Sidelobes,” IRE Transactions on Antennas and Propagation, AP-3, 16-28 
(January 1955). 
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are discussed in Chapter 6.) This method can also be applied to 
linear arrays of a large enough number of elements (probably about 
twenty or more). This is exactly the case where the Dolph-Tcheby- 
scheff distribution may result in poor directivity. Taylor’s method 
gives improved directivity for a given side-lobe level, compared to a 
Dolph-Tchebyscheff array, but does not absolutely minimize the 
beamwidth, because it allows the far-out side lobes to diminish in 
amplitude. The method of calculating the distribution by Taylor’s 
method is also somewhat involved; the interested reader is referred 
to Taylor’s original paper. 

It is possible even to eliminate the side lobes completely, in prin- 
ciple, by means of a binomial current distribution. This is relatively 
simple to calculate, but the “taper” is so extreme that it is hardly 
ever used in practice. The beamwidth and gain are far poorer, for a 
given number of elements, than they would be with a very low side- 
lobe Dolph-Tchebyscheff array. Moreover, the theoretical absence 
of side lobes is not likely to be achieved actually because of unavoid- 
able imperfections in the antenna geometry, phasing, and feed 
system. To show the extremeness of a binomial-distribution taper, 
the relative current values for the eight-element array, corresponding 
to those in the right-hand column of the table taken from Brown and 
Scharp’s tables are 0.03, 0.20, 0.60, 1.00. Thus the end elements have 
only 3% of the center-element current, compared to 26% for the 
30-db side-lobe Dolph-Tchebyscheff array. 

Practically it is common to design high-gain narrow-beam anten- 
nas for side-lobe levels of 20 to 30 db, in the VHF and UHF bands, 
especially for radar use. A 20-db level is considered good, and 30 
db is excellent. A level of 40 db is considered very difficult to 
achieve. Planar arrays may be tapered by different amounts in the 
horizontal and vertical dimensions, since low vertical-plane side 
lobes are often not required but low horizontal-plane side lobes are 
usually important. However, low vertical-plane side lobes may be 
required in some applications. 

The feed system of a tapered array of dipoles may present a diffi- 
cult design problem because of the odd current division required at 
the branch points of the feed-line network. The basic principles of 
accomplishing the required division, however, are straightforward, 
as described in Sec. 2-3. 

A tapering effect can also be achieved with an array by “thinning,” 
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or space-tapering, that is, by removing some of the elements in a 
special way. Suppose that initially an array has elements that are 
uniformly spaced, and fed with uniform amplitudes. If then some 
of the elements are removed, in such a way as not to disturb the feed 
to the remaining elements, with more elements removed near the 
edges than near the center of the array, the average “density” of 
elements will exhibit a taper from center to edge. This taper will 
have a sidelobe-suppressing effect like that of an amplitude taper in 
an unthinned (filled) array. The pattern of element removal is 
made random, rather than regular, to avoid the creation of the 
grating lobes that occur when array elements have a regular spacing 
equal to or greater than a wavelength (Sec. 5-2). This space-taper- 
ing technique avoids the feed problem involved in amplitude taper- 
ing, and allows a given beamwidth to be achieved with fewer elements 
than would be possible in a filled amplitude-tapered array. How- 
ever, the directive gain is less than that of the filled array of the same 
size and taper, and the average sidelobe level is higher even though 
the maximum sidelobes may be comparable. Therefore such arrays 
are less efficient for transmitting. The thinned space-tapered array 
technique has been discussed by Ogg.* Its primary application is 
to large (many element) arrays, especially those of the scanning type 
(phased arrays) discussed in Sec. 5-10. 


5-8. Long-Wire Arrays 


The directional properties of single long-wire antennas, described 
in Sec. 44, can be augmented by combining two or more of them 
into an array. The simplest such array is the V antenna, consisting 
of two long-wire antennas each with one of its ends at the apex of the 
V. Ifthe angle between the two sides of the V is equal to twice the 
angle that the cone of maximum radiation of each wire makes with 
the axis of that wire, the two cones will ‘“‘add up” in the direction of 
the line bisecting the angle of the V, and there produce a maximum 
lobe of radiation. If the wires of the V are resonant, there will be an 
equal lobe in the opposite (back) direction; that is, a resonant V is 


* F. C. Ogg, Jr., ‘““Steerable Array Radars,” Transactions IRE, MIL-5, No. 2, 
87—90 (April 1961). 
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bidirectional. A V of two nonresonant wires will have a single 
unidirectional beam. Figure 5-14 shows schematically a resonant V 
antenna and a typical pattern oriented to correspond to the sche- 
matic of the antenna. The gain is approximately twice the gain of 
one leg of the V by itself. 


ee 


ping 7 
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Figure 5-14. Resonant V antenna and typical pattern. 


The principle of the V antenna may be extended by connecting two 
V’s together at their open ends to form a diamond, or rhombic 
antenna. This antenna is fed at one end, as if it were a V antenna; a 
terminating resistor is usually connected across the far ends to make 
the antenna nonresonant and hence unidirectional. The resistor 
used must be noninductive at the frequency of the antenna. A value 
of about 800 ohms is usually required for proper termination. A 
schematic diagram of a rhombic and a typical pattern are shown in 
Fig. 5-15. 


Terminating 
resistor 


Figure 5-15. Rhombic antenna and typical pattern. 


The rhombic is usually used in preference to the V if a nonresonant 
antenna with unidirectional pattern is wanted, since the V is much 
more difficult to terminate. (A ground connection is needed, as 
described in Sec. 4-4). However, a rhombic may also be operated 
unterminated; the pattern will then be bidirectional. 
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Both V and rombic antennas can be “stacked” vertically or side 
by side, forming an array of V’s or an array of rhombics, to achieve 
additional directivity. Long-wire arrays are used chiefly in the 
MF and HF bands, from about 3 to 30 Mc; they are seldom used 
above 100 Mc. 

If the angle between the legs of a V is made less than twice the 
single-wire lobe angle, the maximum of the resulting single lobe will 
still be in the plane that bisects the V, but it will be tilted upward out 
of the plane of the V itself. This result may be desired to receive 
waves reflected downward from the ionosphere or to transmit upward 
at a slight angle for optimum ionosphere reflection. The same prin- 
ciple can also be applied to the rhombic. 


S—9. Horn and Slot Arrays 


A linear or planar broadside array may be formed with horns 
used as the radiating elements. If unidirectional horns (e.g., 
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Figure 5-16. Broadside array of longitudinal shunt slots in a waveguide. 


sectoral or pyramidal) are used, the array pattern will of course also 
be unidirectional. The pattern is obtained by multiplying a single- 
horn pattern by the pattern of the equivalent array of isotropic 
point sources. Horn arrays are not in very common use, but they 
do have some applications. 

Waveguide slot arrays, on the other hand, are much used at micro- 
wave frequencies. They consist of a set of slots cut along the face 
of a waveguide. A typical form of slot array is shown in Fig. 5-16. 
The longitudinal shunt slots are cut in the broad face of a rectangular 
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waveguide operating in the TE,, mode. They are parallel to the 
longitudinal center line of the guide and displaced laterally from it. 
The slots are spaced a half (guide) wavelength apart along the length 
of the guide, and they alternate on opposite sides of the center line; 
this results in in-phase operation, and hence a broadside pattern. 
The polarization is perpendicular to the axes of the slots. 

The lateral displacement of the slot from the guide center line 
determines its degree of coupling to the wave in the guide, and hence 
the percentage of the power flowing down the guide that will be 
extracted and radiated. Therefore, variation of this displacement 
provides a convenient means of controlling the array taper, or 
amplitude distribution. 

The last slot in the array cannot extract all the remaining power. 
The residue in the guide is ordinarily absorbed in a resistive termi- 
nation, to prevent reflection and standing waves that would upset the 
intended amplitude distribution and phasing. 

Many other forms of slot arrays are possible and useful. The 
array of longitudinal shunt slots is perhaps the most common. 


5-10. Phased Arrays for Scanning 


If all the elements of a linear array or a plane array are in phase, 
the beam will be directed broadside—perpendicular to the line or 
plane of the elements. On the other hand, if the phases of the 
elements of a linear array progressively change by an amount per 
element that is equal, in radians, to 27d/A, where d is the element 
spacing and A is the wavelength, the beam direction will be parallel 
to the line joining the elements (endfire). These facts suggest that a 
progressive phase change per element along the array intermediate 
between the broadside and endfire values might result in a beam 
directed at some intermediate angle, as is indeed the case. 

Advantage of this fact is taken in the so-called phased arrays to 
produce a beam that can be directed at various angles by changing 
the progressive phase shift («) along the array. If this phasing is 
changed continuously, the beam scans (i.e., sweeps through an angu- 
lar sector). Scanning is sometimes accomplished by mechanically 
turning the entire antenna; but the scanning speed is limited by the 
size and weight of the antenna, and mechanical problems may be 
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severe. Therefore a scanning method that avoids these problems 
is very attractive. 

One method of accomplishing the desired change in the array 
phasing is by changing frequency. This changes the wavelength, so 
that if the phase change per element depends on the phase delay in a 
transmission line or waveguide, the phase will vary as the frequency 
varies. For a linear array (or a planar array composed of stacked 
linear arrays) the basic feed system used is that of Fig. 2-8b, Chapter 
2, except that the length of line between adjacent array elements may 
be greater than the direct-line spacing of the elements. This effect 
is accomplished by “folding” the waveguide or line between ele- 
ments to increase its length. The resulting feed is called a serpentine 
feed. A feed of this type results in an increased phase change 
between adjacent elements for a given frequency change. 

The angle of the beam of such an array with respect to the broad- 
side direction can be expressed in terms of the progressive phase 
change per element, « (radians),* and also in terms of the frequency, 
when the phase change is caused by changing frequency. The 
equation is 


ae ee . =z (! As a (5-18) 


where f is the beam direction angle measured with respect to the 
broadside direction, A is the free-space wavelength (meters), d is the 
interelement spacing (not equal to the /ine length between elements), 
N (an integer) is the number of guide wavelengths of guide (or line) 
between adjacent elements in the serpentine feed, c is the free-space 
velocity of electromagnetic propagation (3 x 10° meters per second), 
fis the frequency (cps) corresponding to the angle 8, fo is the broad- 
side frequency (corresponding to B = 0), and f, is the guide cutoff 
frequency. (In coaxial line, f, = 0. For rectangular waveguide, 
see Eq. 2-72, Chapter 2.) (WN is evaluated at fo.) 

Frequency scanning has several disadvantages, including the large 


* In this equation, « is understood to be a radian value between 0 and + 7. If 
the actual value is greater than 7, the value used in the equation should be the 
actual value subtracted from the nearest integral multiple of 27. Also, in the 
second form of the equation, only values of f within the interval for which 
|sin B| S 1 are permitted. 
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amount of the available frequency spectrum needed, and consequent 
likelihood of interference with other services. Also, the transmitting 
and receiving equipment required to accommodate this changing 
frequency is complicated and expensive. Therefore considerable 
effort has been made to perfect methods of changing the phase shift 
along an array without changing the frequency, and without mecha- 
nical motion. Ferrite phase shifters are one such device; others of 
an electronic nature have also been devised. It is possible to shift 
the direction of the beam of a large planar array in both angular 
directions (e.g., horizontally and vertically) very rapidly by controll- 
ing the phasing in both dimensions of the array. 

Another development is the use of separate transmitting and receiv- 
ing amplifiers for each element of an array. The phasing of the 
elements on transmitting can then be controlled at a low power level 
in the driver stages, and, also, a very large total power can be 
radiated with relatively low power per element; thus there is no point 
in the system that requires very high power and high voltage. If 
one or even several of the elements “‘fail,”’ it has been shown that the 
array pattern does not deteriorate seriously. On reception, a matrix 
of delay lines permits different receiving channels to correspond to 
various beam directions simultaneously; that is, many beams in 
different directions are simultaneously formed and connected to 
separate receiving channels. Such antennas make possible very 
sophisticated radar systems and possibly have other applications. 


PROBLEMS AND EXERCISES 


1. Two dipoles have their centers positioned at R; and Rg in Fig. 5-1 
(and Fig. 5—2), with their axes parallel to the z-axis (perpendicular to the 
plane of the paper). Their separation is d = A/6. (a) What must be 
their phase difference, a, in order for the field intensity to be zero in the 
direction ¢ = 270° (direction of the negative y-axis)? (b) If Eo in Eq. 
5—4 has the value 4 volt per meter, calculate E(¢), for these values of d 
and a, and plot the resulting pattern on polar-coordinate graph paper 
(or sketch it on plain paper, including a few radial and circular coordi- 
nates). (Calculate E for ¢ = 0°, 30°, 60°, 90°, 120°, ... every 30° up to 
330°.) The shape of the resulting pattern should resemble those of 
comparable phasing and spacing in Fig. 5-3. (Note that the maximum 
value of this pattern is less than one; it needs a normalizing factor to 
make it a proper relative pattern.) 
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2. (a) A central transmitting station communicates only with three 
other fixed stations, which are all at about the same distance but in 
directions that are 120 degrees apart. The frequency is in the LF region, 
and two vertical towers are to be used as a two-element monopole array 
for the central station. To provide equal signal strength at all three of 
the other stations, and as strong a signal as possible with a given amount 
of transmitter power, what spacing and phasing of the monopole ele- 
ments (towers) would youemploy? (Base your answer on inspection of 
Fig. 5-3). (b) What would your answer be if there were four other 
stations, instead of three, in directions 90 degrees apart (e.g., one to the 
north, one east, one south, and one west) ? 

3. A uniform linear array consists of four short dipoles, spaced a 
distance d = A/2 apart, as in Fig. 5-4. The phase difference between 
elements is ~« = 0°, so that it isa broadside array. The short-dipole axes 
are parallel to the z-axis of the coordinate system, so that their individual 
relative patterns are (Chapter 4, Eq. 4-2): Ey; = sin 6. (This is the 
three-dimensional pattern even though only one angle is involved.) 
Write the equation for the complete three-dimensional pattern of this 
dipole array. Three steps are necessary: (a) Modify Eq. 5-7, following 
the instruction given in the text, to convert it to a three-dimensional 
pattern for an array of isotropic elements. (b) Substitute into this 
expression the appropriate values for n, d, and «. (c) Apply the prin- 
ciple of pattern multiplication to obtain the pattern of the dipole array. 

4. A uniform broadside array of twelve point-source isotropic ele- 
ments has an element spacing of 0.65 wavelength (d = 0.65 4). 
(a) What is the approximate beamwidth? (b) If the Spacing is 
d = 0.5 A (instead of 0.65 4), what will the beamwidth be? (c) What is 
the directivity ford = 0.5A? Will the directivity for d = 0.65 A be less 
than or greater than this value? 

5. A five-element driven endfire dipole array has element spacing 
d = X/8. (a) What should the phasing («) of the elements be to obtain 
maximum directivity of the beam? Express the result in both radians 
and degrees. (b) Using the value of « found in part (a), calculate E(¢) 
from Eq. 5-7 for ¢ = 90° and ¢ = 270° (the two “‘endfire’’ directions). 
What is the front-to-back ratio of this antenna, expressed as a ratio of 
electric field strengths? Express it also as a decibel value. (Nore: In 
part (b), you will find that the initial calculation indicates a ‘‘negative”’ 
electrical intensity for ¢ = 270°, but recall that absolute-value brackets 
are used in Eq. 5-7 to indicate that the calculated field is regarded as 
always positive.) 

6. Check the box that you think precedes the correct answer to the 
following multiple-choice problems: 
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(a) A Yagi-Uda antenna has a beam that is 


[_] unidirectional [_] omnidirectional 
[_] bidirectional [_] multilobed (many equal-strength 
lobes) 


(b) If the total number of dipole elements in a Yagi-Uda antenna is 
five, the usual number of these that will be parasitic directors is 
one ff) three 


[_] two [_] four 


(c) The principal advantage of a Yagi-Uda antenna over a fully 
driven endfire array with the same number of elements is 


[_] higher gain [_] simpler feed system 

[_] easier adjustment of {_] better polarization charac- 
element length and teristics 
spacing 


7. It is desired to obtain a directivity of 1000 with a large uniform 
planar dipole array backed by a reflecting screen. The wavelength is 
A = 0.5 meter (f = 600 Mc). (a) What must be the area of this array? 
If the array is square, what is the length of each side? (b) If the dipoles 
of the array have their centers spaced a half wavelength apart in both 
vertical and horizontal dimensions, with dipoles located at each corner 
of the square, how many dipoles does the array contain? (Disregard 
the fact that the edge dimension is not exactly an integral multiple of a 
half wavelength; it is very nearly so.) 


8. Multiple choice (check one box in each part): 


(a) Tapering the currents in a dipole array is done for the following 


reason: 
[_] To avoid corona in the [_] To reduce the minor-lobe 
end elements level 
[_] To minimize ohmic losses [_] To increase the directivity 
(b) The absolute minimum side-lobe level is achieved in array design 
by using: 
[_] The Dolph-Tchebyscheff [_] A Taylor distribution 
distribution [_] A truncated Gaussian dis- 
[_] A binomial distribution tribution 
(c) The Taylor distribution is superior to the Dolph-Tchebyscheff 
when: 
[_] It is applied to a uniform [_] It is applied to a linear 


linear array array of many elements 
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[.] Minimum beamwidth is [_] It is desired to have all 
desired for a given side- minor lobes of equal mag- 
lobe level nitude 


9. A V antenna has resonant-long-wire legs that are each 5 wavelengths 
long (10 half wavelengths). What must be the angle at the apex of the 
V for the beam to have maximum directivity and to lie exactly on the 
bisector of the V? (Refer to Eq. 4-14, Chapter 4.) 

10. A linear array is to be used as a scanning antenna by varying the 
frequency to change the phasing. The array element spacing is 
d = A/2 = c/2fo (in the notation of Eq. 5-18). The array is fed with a 
serpentine feed for which N = 5, using coaxial line for which f, = 0. 
When the frequency of operation is f = 0.98fo, by what amount will the 
angle of the beam (8) be shifted from the broadside direction? 


6. 


Reflectors and lenses 


It has been shown in Sec. 5-1 that an array antenna can be used to 
achieve a directional radiation pattern in which the radiated power is 
concentrated in a beam. This chapter treats an entirely different 
method of achieving essentially the same result, by the use of reflec- 
tors and lenses. Antennas using these devices achieve a directional 
effect most readily explained in terms of optical principles described 
in Sec. 1-2—the principles of reflection and refraction. 

The branch of optical science that deals with these phenomena in 
terms of rays and wavefronts, rather than in terms of electromag- 
netic-wave theory, is called geometric optics. The principles of 
geometric optics can be applied (as mentioned in Sec. 1—2) only when 
the dimensions of the optical surface are large compared with the 
wavelength. This means, for example, that a reflector 10 feet in 
diameter would not behave in accordance with a geometric-optics 
analysis at a frequency of 100 kc, for which the wavelength is 300 
meters or about 1000 feet. It would do so very well, however, at 
10,000 Mc, for which the wavelength is 3 cm or about 1.2 inches. 
Generally speaking, therefore antennas based on geometric-optics 
principles are very-high-frequency devices. They are used mainly 
above 30 Me, and above about 1000 Mc they are more common than 
any other type of directional antennas (e.g., arrays). 

Even when the dimensions of the antenna are large compared to 
the wavelength, the principles of geometric optics cannot be applied 
to all aspects of its behavior. For example, diffraction will occur at 
the edges of a lens or reflector and at small irregularities in the 
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structure if such exist. Diffraction is not explainable by geometric 
optics. A qualitative description may be given verbally or graphi- 
cally in terms of Huygens’ principle, as was done in Sec. 1-2, but an 
exact description requires the mathematical expressions of electro- 
magnetic theory. 

The diffraction effects are of secondary importance, however, and 
can be ignored, in the near-field analysis of lens and reflector anten- 
nas, although they cannot be ignored when an exact far-field analysis 
is desired. Diffraction must be considered, for example, in analysis 
of the minor-lobe formation, and the main-beam pattern shape and 
width. The method of geometric optics (ray-wavefront analy- 
sis) is basically an approximate rather than an exact method. But 
it is so nearly exact for many purposes, and is so much simpler than 
the exact mathematics, that it is usually employed wherever possible. 
Also, it conveys a useful intuitive conception of some aspects of 
antenna behavior. 


6-1. Focusing and Collimation 


An important geometric-optics concept, focusing, is familiar in 
connection with optical devices such as cameras, projectors, search- 
lights (and automobile headlights), telescopes, and the like. Anten- 
nas utilizing radio-wave reflectors * and lenses focus rays in a similar 
way. Collimation is a special case of focusing. 


Focusing by a Parabolic Reflector. If a beam of parallel rays is 
incident on a suitably curved reflector, the rays will be brought to 
focus at a point, as shown in Fig. 6-1. Similarly, if a point source of 
radiation is placed at this focal point, the rays from it will be reflected 
in such a way that they emerge as a parallel beam. That is, the 
directions of all ray lines in Fig. 6-1 are reversed. This is in effect a 
simplified statement of the principle of reciprocity discussed in 
Sec. 1-3. 

Rays that are parallel are said to be collimated. In a sense, they 


* The word “‘reflector”’ in this chapter implies a nonplanar reflector—either one 
that is curved or a system of plane reflectors set at different angles with res- 
pect to a reference plane. A simple plane reflector, such as might be used in 
conjunction with an array, does not provide a focusing action. 
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are focused ‘‘at infinity.” It can be shown that this collimation 
occurs if the shape of the reflector is parabolic. The automobile 
headlight is a familiar example of this type of reflector. The giant 
searchlight, once used for finding enemy bomber aircraft at night 
(before radar became available) and still used for some purposes, is 
another example. 

The geometry of a parabola can be expressed in terms of the 
coordinate system of Fig. 6-2. The basic coordinates are cartesian 
(rectangular). The horizontal axis, labeled z, lies along the axis of 
the parabola, which is a line of symmetry. (That is, if the lower 
half of the parabola were folded over this axis it would lie exactly on 
the upper half.) The point at which this axis intersects the parabolic 
curve is called the vertex. The second coordinate axis, labeled x, 
passes through this point also. At a certain distance f from the 


Plane wavefront 


Reflector 
Collimated rays 
incident on 
reflector 


Focal point 


Figure 6-1. Focusing by a curved reflector. 


vertex, on the parabolic axis, is a point labeled focus. The equation 
of the parabolic curve, in terms of these coordinates and the para- 
meter fis 


x7 = 472 (6-1) 


The focal point, or focus, at distance f from the vertex, is the point at 
which incoming collimated rays will converge (as indicated in Fig. 
6-1) or from which the diverging rays of a point source will be 
collimated. 

The bilateral symmetry of the curve is inherent in the x? term of the 
equation; that is, if a given value of z is chosen and the positive value 
of x is found that satisfies the equation, it will also be satisfied by 
minus the same value of x. The curve defined by Eq. 6-1 extends to 
infinity in the + z-direction (and consequently also in the +x and 
—x directions). Practical parabolic reflectors, of course, are of 
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finite depth; they terminate, or are “cut off,” at some finite value of 
z, denoted z, in Fig. 6-2. 
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Figure 6-2. Geometry of parabolic reflection. 


The open mouth of the parabola is known as the aperture. The 
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aperture dimension is labeled D, in Fig. 6-2.* It is apparent that if 
z, is smaller than f, the focus will lie outside the aperture instead of 
inside as shown in the diagram. The ratio of the focal length to the 
aperture size f{/D (commonly referred to as the “f over D ratio”) is 
an important characteristic of a parabolic reflector. It is determined 
by the depth of the reflector, z,, in relation to the focal length f- 

A parabola whose depth is exactly equal to the focal length (z; = f) 
will have a value of D equal to 4f, and therefore for this parabola 
f/D = f/4f = 4, or 0.25. For reasons that will appear later, it is 
generally inadvisable to make a parabolic reflector deeper than the 
focal length (although in special cases it may be done), and ordi- 
narily the f/D value will range from about 0.25 to 0.5. 

The focusing action of the parabolic reflector can be understood 
by considering a ray that leaves the focal point at an angle « with res- 
pect to the parabolic axis, as shown in Fig. 6-2. At the point A 
where this ray encounters the parabolic curve, a tangent to the curve 
is drawn, as shown by a dashed line. By the laws of reflection 
(Sec. 1-2), the ray will be reflected in such a direction that the inci- 
dent and reflected rays make equal angles (y) with the tangent line. 
It can be shown that this results in a reflected-ray direction parallel 
to the parabolic axis, regardless of the particular value of @ that 
may be considered. In other words, all rays emanating from the 
focal point will be reflected parallel to the parabolic axis. By the 
principle of reciprocity, incoming parallel rays will be reflected so 
that they converge to focus at the focal point of the parabola. 

This result can also be shown in another way by considering the 
total distance that a ray travels in going from the source (focal 
point) to the reflection point (A), and thence to the aperture plane 
(the dashed vertical line of length D). By simple geometric analysis 
it can be shown that the length of this path is equal to f + Z,, for all 
values of the angle «. (This result is obvious for the special case of 
« = 0). This means that the phases of all waves thus arriving at the 
aperture plane are the same. Thus a wavefront (a surface of con- 
stant phase) is created in the aperture plane. Hence the rays are 


* Since the symbol D is also used to denote the directivity (maximum directive 
gain) of an antenna, the aperture linear dimension will be designated Da in 
applications where it might be confused with the directivity symbol. But 
often it is called simply D because this symbol has traditionally been used, 
especially in referring to the f/D ratio. 
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parallel to the axis, since rays are always perpendicular to a wave- 
front (Sec. 1-1). 


Paraboloids and Parabolic Cylinders. A parabola is a plane curve, 
that is, it is two dimensional. A reflector, being a curved surface, 
is a three-dimensional object. There are two types of surfaces that 
produce parabolic reflection of the type that has been discussed. 

One such surface is the paraboloid, formed by rotating the para- 
bola about its axis. Thus it is a surface of revolution. If a third 
cartesian coordinate, y, has its axis perpendicular to both x and z in 
Fig. 6—2, the equation of the paraboloid is 


x24 y2 = 4p (6-2) 


a 
f \ 


(a) (b) (c) 


Figure 6-3. Three forms of “parabolic” reflectors: (a) full paraboloid; 
(b) cut paraboloid; (c) parabolic cylinder. 


The intersection of any plane containing the z-axis with the parabo- 
loidal surface is a parabolic curve like the one shown in Fig. 6-2. 
(The intersecting plane in this figure is simply the xz-plane.) The 
intersection of any plane perpendicular to the z-axis with the para- 
boloidal surface is a circle. Thus the open mouth of a paraboloidal 
reflector, the aperture, is circular (as in a conventional automobile 
headlight) if the reflector has the same depth in all planes containing 
the parabolic (z)-axis. 

It is possible, however, to “cut away” portions of a paraboloidal 
reflector in such a way that it does not appear circular when viewed 
from a point on the parabolic axis. Such cut paraboloids have 
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certain advantages in some applications, as will be discussed in Sec. 
6-3. 

The second type of surface is the parabolic cylinder, formed by 
translating the parabola of Fig. 6-2 in the direction of the y-axis, 
that is, by “moving it sideways.’ The intersections of all planes 
parallel to the xz-plane with the parabolic cylinder are parabolas like 
the one shown in Fig. 6-2. The intersections of all planes parallel 
to the yz-plane with the parabolic cylinder are straight lines. If the 
cylindrical surface has a finite dimension in the y-direction, the 
reflector as viewed from a distant point on the z-axis will appear 
rectangular, that is, it has a rectangular aperture. The parabolic 
cylinder has a focal line, rather than a focal point, and a vertex line. 
The approximate appearances of the full paraboloid, a cut para- 
boloid, and a parabolic cylinder are shown in Fig. 6-3. 


6-2. Beamwidth and Directivity 


It has been shown in Sec. 6-1 that if a source of radiation is placed 
at the focus of a parabolic reflector, a beam of parallel (collimated) 
rays will be produced. Since the rays do not diverge and the wave- 
front is plane, it might be deduced that the resultant beamwidth is 
zero (because a nonzero beamwidth implies that the wavefront is 
spherical and that the rays are diverging within a cone). 

Unfortunately this reasoning is not correct except within a rela- 
tively short distance from the antenna. It does not take into account 
the effect of diffraction at the edges of this plane wavefront. This is 
one of the aspects of lens and reflector analysis for which geometric 
optics does not give the correct answer. Application of electro- 
magnetic theory shows that beyond a certain distance the wavefront 
does spread spherically, resulting in a nonzero beamwidth. The 
plane-wavefront region is called the “near field” or Fresnel region; 
the spherical-wavefront region is called the “‘far field,” ‘radiation 
field,’ or Fraunhofer region. Actually the boundary between these 
regions is not sharply defined, but for approximate purposes it is 
usually considered to be at a distance from the antenna equal to 
2.D?/X, where D is the aperture dimension (see Fig. 6—2) and A is the 
wavelength. (The same units of length are to be used for both D 
and A in making this computation.) This criterion, as has been 
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indicated, applies to large arrays as well as to reflectors, and it also 
applies to lenses and to any other highly directive antenna. (So 
also do the relationships of antenna size and aperture shape to the 
beamwidth and gain, which will be discussed.) 


Shape of Aperture. Figures 6-1 and 6-2 illustrate typical shapes of 
parabolic reflectors in cross section as viewed from the side, that iS, 
from a direction perpendicular to the optical axis. When they are 
viewed along the axis—from “in front”—the area projected onto 
the aperture plane is the aperture area, or simply the aperture, which 
_ 1s the area containing the collimated radiation. The shape of this 
aperture area is an important characteristic of an antenna. As has 
been mentioned in Sec. 6-1, if a paraboloidal reflector is a figure of 
revolution the resulting aperture is circular. However, the full 
circular aperture may not be desired in some cases, and portions of 
the reflector can be cut away so that a noncircular aperture results, 
as indicated in Fig. 6-3. Commonly used apertures of antennas are 
elliptical, square, and rectangular as well as circular, and occasionally 
odd shaped. The shape of the aperture affects the solid-angular 
shape of the beam. 


Primary and Secondary Patterns. The feed radiator, considered by 
itself, has a radiation pattern and a beamwidth that are different 
from the pattern and beamwidth of the antenna as a whole. The 
feed-radiator beamwidth must be comparable (but not usually 
exactly equal) to the angle subtended at the focus by the edges of the 
reflector in order for the entire surface to be illuminated. The feed 
radiator is also known as the primary radiator, and its pattern is 
called the primary pattern. The pattern of the entire antenna is 
called the secondary pattern. When the term antenna pattern is 
used, the secondary pattern is meant. The primary pattern may 
also be called the feed pattern. 


Beamwidth. The secondary radiation pattern of a lens or reflector 
antenna is very similar to that of a unidirectional planar array backed 
by a plane reflector, of the same size and aperture shape. The 
beamwidth is given by a formula of the same type as Eq. 5-16: 


BW =k, = (6-3) 
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where A is the wavelength, D, is the aperture width of the reflector or 
lens, and k, is a constant, depending on the units in which the beam- 
width is to be expressed and on some other factors. If the beam- 
width (BW) is desired in degrees, and if both A and D, are expressed 
in the same units of length, k, is of the order of 60 to 70. This means, 
for example, that if the aperture width D, is equal to 10 wavelengths, 
the beamwidth will be about 6 or 7 degrees. 

For a paraboloid of noncircular aperture, the value of D, to be 
used in Eq. 6-3 is the aperture dimension in the plane in which the 
beamwidth is to be calculated. If the aperture has different dimen- 
sions in different directions, the beam will have different widths in 
these directions. 


Directivity. The directivity (D) of a reflector antenna may be ex- 
pressed in terms of the area (A) of its aperture. The formula is the 
same as that for a large planar array (Eq. 5-17): 


Dee ka( 3) (6-4) 


The constant k, will usually have a value between about 0.5 and 0.7, 
depending on the shape of the aperture and the characteristics of the 
source of the radiation used. 


6—3. Feed Radiators 


A complete parabolic-reflector antenna has two basic components 
—the reflector and a source of primary radiation placed at or near 
the focal point. (When the antenna is used for receiving, this 
primary “radiator” receives the signal concentrated on it by the 
focusing action of the antenna.) The primary radiator is commonly 
called simply the feed. 

Ideally, the feed should have a pattern of such nature that it 
radiates toward the reflector so as to “‘illuminate”’ the entire surface, 
with little or no energy radiated in other directions. Such an ideal 
pattern is of course unattainable, but some types of primary radia- 
tors are much better suited than others. Obviously an isotropic 
radiator would be a poor choice. A dipole is likewise not very well 
adapted to this task, although dipole feeds are sometimes used. 
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More often, a dipole is used in conjunction with a small reflector to 
provide a better pattern, and sometimes a small dipole array may be 
used as a feed. The most common choice of a feed radiator for 
paraboloidal reflectors is the waveguide horn, which was described 
in Sec. 4-7. The parabolic-cylinder reflector has special feed 
requirements that will be discussed separately. 

Practically all the basic radiator types described in Chapter 4 may 
be adapted to feeding a reflector. When circular polarization is 
desired, the helix is often used. The conical horn can also be used 
for this purpose. Figure 6-4 shows the general appearance and 
arrangement of a paraboloidal-reflector antenna with two different 
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Horn Dipoles 
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Transmission 
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Figure 6-4. Paraboloidal-reflector antenna fed by (a) horn radiator and (d) 
double-dipole endfire array. 


types of feed. The horn feed is waveguide-fed. The double-dipole 
feed consists of two dipoles, spaced and phased to produce an endfire 
pattern that illuminates the paraboloidal reflector. Various other 
feed arrangements are possible. Representative types are described 
by Silver.* 

Primary Pattern Requirements. The problem of feed design for a 
reflector or lens is to obtain a primary pattern that is the best com- 
promise between fully covering the surface of the reflector or lens 
and not “spilling over” the edge any more than necessary. When 
the nature of typical patterns is considered (e.g., Chapter 3, Fig. 3-2), 


* S. Silver, Microwave Antenna Theory and Design, Vol. 12 of MIT Radiation 
Laboratory Series, McGraw-Hill, New York, 1949. 
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it is evident that both requirements cannot be satisfied simul- 
taneously. In practice, some spillover is accepted. This spillover 
represents a loss of power from the main beam. However, if the 
pattern of the feed radiator were narrowed appreciably in order to 
avoid spillover, the power density at the edges of the reflector or 
lens would be reduced greatly compared to that at the center. The 
effect would be very similar to that in an array with an excessive 
“taper” of the currents in the elements. As discussed in Sec. 5-7, 
an excessive taper causes severe gain reduction and widening of the 
beam, although it also has the beneficial effect of reducing side-lobe 
amplitudes. 

The radiation from the feed is called the illumination of the 
reflector. The variation of the intensity of the radiation over the 
aperture is called the i/Jumination taper. The edge taper is the ratio 
of the power density at the edge of the aperture to that at the center, 
or the decibel equivalent of this ratio. An excessive taper causes 
loss of gain and widening of the beam due to inefficient use of the 
available lens or reflector area; it results in a larger-than-necessary 
value of k, in Eq. 6-3 and a smaller-than-necessary value of k, in 
Eq. 6-4. Too little taper causes loss of gain due to excessive spill- 
over and also causes larger-than-necessary side lobes and back lobes. 
Exactly what amount of illumination taper will be employed in a 
given case depends on the relative importance, for the application at 
hand, of achieving maximum gain and reducing side lobes and back 
lobes to the minimum practical level. 

The problem is somewhat complicated by the fact that a certain 
amount of illumination taper will occur even if the primary pattern 
has a uniform intensity within the solid angle subtended by the 
reflector. This inherent taper is due to the way in which the curva- 
ture of the reflector redistributes the power density in the aperture, 
compared to its original distribution in the primary radiation from 
the feed. The amount of taper thus produced may be calculated 
by geometric analysis. The inherent taper is greater with small f/D 
ratios than with large f/D. 

For the paraboloidal reflector the inherent taper can be expressed 
in terms of half the angle subtended by the reflector aperture at the 
feed, that is, at the focal point. This half angle is designated f in 
Fig. 6—5. 

In terms of this angle, the ratio of the power density at the edge of 
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the aperture to that at the center, for a uniform-intensity primary 


pattern, is given by cos* (8/2). The edge taper.expressed in decibels 
is, therefore, 


11.2 AO log cos : = —40 log Sec s (6-5) 


The taper due to the primary pattern, in decibels, is approximately 
given by the formula: 


B 2 
1) St 12( sy) (6-6) 
where BW is the half-power beamwidth (as defined in Sec. 3-5) of the 


feed radiator. (The tapers are here expressed as power ratios less 
than one, or negative decibel values.) 
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Figure 6-5. Half-angle subtended at focal point by parabolic aperture. 


The value of 8 for a given paraboloidal reflector may be expressed 
in terms of its f/D ratio. The formula is 


af | 
cot B D ~ 8D) (6-7) 
The following table of values of 8 was calculated by using Eq. 6-7. 
It gives the value 28 rather than simply B because 28 is the total 
angle subtended by the aperture (see Fig. 6-5) and is thus a rough 
indication of the feed beamwidth required. 


f/D 2p 
O10 274? 
0.25 180° 
0.50 106° 
1.00 56° 


(This table indicates why the f/D ratio is seldom smaller than 0.25 
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or larger than 0.50, i.e., the required feed beamwidths become 
impractically large or small, respectively.) 

A further tapering effect occurs if the aperture is not rectangular. 
Consider, for example, an approximately hexagonal aperture as 
illustrated in Fig. 6-6, with height h, at the center and h, at the edge. 
Consider vertical strips of this reflector, of width w and height h. 
If the illumination of the aperture is uniform, the total power 
radiated from a given strip is proportional to its area, hw. There- 
fore the ratio of the power radiated from the center strip to that from 
the edge strip is h,/h.. This is equivalent to a horizontal illumination 
taper (in the direction perpendicular to the strips) given in decibels by 


tz = —10 log (6-8) 


Aperture W 
outline 


Figure 6-6. Equal-width vertical strips on a tapered aperture. 


The analysis is of course more complicated for an aperture having a 
curved outline, or for nonuniform illumination in the vertical 
direction, but the principles are the same. The total illumination 
taper, expressed as the ratio of the edge illumination to the center 
illumination in decibels, is the sum of the three component tapers, 
Ta, Tos and T3. 


Taper and Side Lobes for Elliptical Apertures. The total taper that 
should be used for a given case depends on the side-lobe level 
required. A published study* for elliptical apertures (including 


* R. J. Adams and K. S. Kelleher, ‘Pattern Calculation for Antennas of 
Elliptical Aperture,” Proceedings IRE, vol. 38; pp. 1052 ff. (September 1950). 
Also described by Kelleher in Antenna Engineering Handbook, H. Jasik (ed.) 
McGraw-Hill, 1961, Chapter 12. 
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circular apertures) gives the following indicative values for the sum 
of r,; and 72. (The factor 7, is implicitly included by the stipulation 
that the aperture is elliptical.) 


Th, Vettes Side-Lobe Level, 
Decibels Decibels 
—6 — 20 
—11 re J 
— 14.5 — 30 
—17.5 — 35 


An example illustrates the use of these principles and results. 
Suppose that it is desired to design a circular-aperture paraboloidal- 
reflector antenna for a 30-db side-lobe level. A horn is to be used as 
the feed radiator, and the f/D ratio is 0.4. 

From Eq. 6-7 it is first calculated that the value of f is given by 


l 
cotB = 0.8 — 33 = 0.4875 
.. Bp = 64 
Hence the primary radiator must illuminate a reflector that subtends 
an angle of 128 degrees. 
The taper due to reflector curvature is calculated from Eq. 6-5: 
T, = 40 log, cos (32°) = 40 log,, 0.848 
—2.9 db 


| 


The table indicates that for —30-db side lobes a total taper of — 14.5 
db is required. The feed pattern must therefore provide a taper of 
—14.5 + 2.9 = —11.6 db. This is the required value of 7, in 
Eq. 6-6. 

The next step is to determine the required primary-pattern beam- 
width, BW. That is, Eq. 6-6 must be solved for the value of BW 
corresponding to the given value of 72, which is —11.6, and B = 64°. 
The result is 


BW = 64V12/11.6 = 65° 
This means that a feed horn with a 65-degree half-power beamwidth 


is required. Equations for the design of a horn to provide a given 
beamwidth may be found in Chapter 4 (Eqs. 4-23 and 4—24). It is 
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thus found that an optimum-flare pyramidal horn must have an E- 
plane mouth dimension (dz) of 0.86 A, and an H-plane dimension 
(dy) of 1.03 A, where A is the wavelength. 


Optimum Illumination Taper. The preceding discussion of pattern 
requirements and taper of the total illumination in relation to side- 
lobe level, beamwidth, and gain is for the special case of elliptical- 
aperture paraboloidal reflectors. The formulas given are based on 
experimental investigation rather than theoretical analysis. In Sec. 
5_7 it was stated that for a linear array, or a planar array composed 
of stacked linear arrays (all alike), a Dolph-Tchebyscheff distribution 
of element excitation (e.g., dipole currents) minimized the beamwidth 
for a given side-lobe level. It was also mentioned there that an 
optimum distribution of intensity across an aperture (illumination 
taper) has been derived by T. T. Taylor. For the details of this 
rather complicated derivation, the reader is referred to Taylor’s 
original paper.* 

Taylor’s theory as applied to reflectors refers to the distribution, 
or taper, of the radiation intensity (or power density) across the 
aperture in a given direction. As has already been shown, this taper 
is affected by both the primary (feed) radiation pattern and by the 
geometry of the surface of the reflector, and also by the shape of the 
aperture outline. 


Line-Source Feeds. The foregoing example of a required primary- 
radiator beamwidth calculation applies specifically to the feed for a 
paraboloidal reflector, but the principles apply to other types of 
antennas characterized by an illuminated surface, such as parabolic- 
cylinder reflectors and lenses. The paraboloidal reflector requires a 
feed that approximates a point source, which is located at or near the 
focal point. As mentioned, the paraboloid is geometrically a figure 
of revolution. But the parabolic-cylinder reflector, and also lenses 
whose surfaces are cylindrical, are characterized by a focal line. 
The feed must therefore be a /ine source, rather than a point source. 

The simplest example of a line source is the linear array described 
in Sec. 5-2. (At microwave frequencies a commonly used line 


* T. T. Taylor, ‘‘ Design of Line-Source Antennas for Narrow Beamwidth and 
Low Sidelobes,” JRE Transactions on Antennas and Propagation, vol. AP-3, 
pp. 16-28 (January 1955). 
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source is a waveguide-slot array.) When the linear array is used 
with a cylindrical reflector, the length of the array is made approxi- 
mately equal to the cylindrical length dimension of the reflector. 
The line of the array is positioned on the focal line. 

The beamwidth and pattern in the plane containing the line feed 
and the parabolic axis are determined entirely by the array, according 
to the principles discussed in Sec. 5-2. (A_ parabolic-cylinder 
reflector functions in this dimension as if it were a plane reflector.) 
In the perpendicular plane the pattern is determined by the aperture 
dimension, and the beamwidth is given by Eq. 6-3. Thus a cylin- 
drical reflector is, with this type of feed, a hybrid antenna—a sort of 
cross between an array and an “optical” antenna. 


Parallel 
plates 


Waveguide 


Parabolic 
strip 


Figure 6-7. Pillbox antenna (line source of radiation). 


The total illumination taper in the cylindrical direction is that of 
the array (or other feed); but in the other direction some taper is 
introduced by the action of the reflector. The formula for this 
taper with a parabolic-cylinder reflector is not the same factor, 
cos* (8/2), that applies for the paraboloidal reflector; it is cos? (8/2). 
Therefore the taper in decibels (compare Eq. 6-5) is 


7, = 20 log cos § (6-9) 


To this must be added the feed-pattern taper and any aperture-shape 
taper, as with a paraboloidal reflector, to obtain the total taper. 
Arrays are not the only possible form of line-source feed. At 
microwave frequencies a “pillbox” feed may be used, a device 
sketched in Fig. 6-7. It consists of a parabolic strip of metal, 
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bounded on both sides by flat metal plates. A feed horn placed at 
the focal point illuminates the parabolic strip so that collimated rays 
issue from the open mouth of the pillbox. Since the parabolic 
strip is very narrow compared to the parabolic aperture (AB), the 
radiation from the pillbox is distributed along a long narrow opening 
—in effect, along aline. Typically, the width of the strip, and hence 
the spacing between the parallel plates, is comparable to the lateral 
dimensions of waveguide at the frequency of operation, as indicated 
in Fig. 6-7. The waves propagating in the space between these 
plates are then essentially guided waves. They propagate in wave- 
guide fashion rather than like free-space waves and are subject to 
many of the effects discussed in connection with waveguides (Sec. 
2-5). For example, the phase velocity of the waves is not that of 
free space; it varies with the frequency. For a given plate spacing, 
a low-frequency cutoff exists, below which waves will not propagate 
ina TM mode. However, the TE mode cutoff is always well below 
any frequency at which the parabolic reflector will function as a 
geometric-optics device. The pillbox may be operated in the TE 
mode, but the TM mode is more commonly employed. Because 
the electric field in this mode is parallel to the plates, metallic support 
pins perpendicular to this field may be used between the plates. 
This is not possible with the TE mode, and providing adequate plate 
stiffness may be a serious problem. 

Special techniques may be employed to avoid the “blocking” that 
results due to the presence of the feed horn in the aperture. In one 
technique a “double pillbox” is used in which there are two parallel- 
plate spaces, coupled by an opening at the parabolic surface in such a 
way that the illuminating rays propagate in one parallel plate region 
but are reflected into the other. The pillbox aperture allows these 
reflected rays to escape, unobstructed by the horn feed. A cross 
section of this arrangement is sketched in Fig. 6-8. Another tech- 
nique is the use of an “‘offset’’ parabolic section. This technique 
is described in this section in connection with paraboloidal reflec- 
tors (see Fig. 6-10), where it is also used to avoid aperture blocking 
by the feed radiator. 

The pillbox, like other feed radiators, is sometimes used by itself 
as a complete antenna. It provides a radiation pattern that is rela- 
tively narrow in the plane of the parallel plates and broad in the 
perpendicular direction. It is in effect a parabolic-cylinder antenna 
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of very short cylindrical length. When it is used as the line-source 
feed of another parabolic-cylinder reflector, the final pattern is the 
result of two parabolic reflections, one in each of the perpendicular 
(principal) planes of the pattern. It might seem that it would be 
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Figure 6-8. Cross section of double-pillbox arrangement. 


simpler just to use a paraboloidal reflector in the first place. But 
the double-cylindrical-reflector arrangement is sometimes advan- 
tageous in that it allows the pattern to be controlled in each plane 
somewhat independently of the other plane. 


Feed-Positioning Requirements. If a parabolic reflector is to be used 
to obtain a beam pattern that is maximized on the axis of the antenna, 
the feed must be located at the focal point, or for the parabolic- 
cylinder reflector or cylindrical lens, on the focal line. If the feed is 
moved a small amount laterally—that is, perpendicularly to the 
parabolic axis so as to keep it in the focal plane—the beam will still 
be formed but its direction will be changed. This effect may be used 
(as will be discussed in Sec. 6-7) to cause the beam to change direc- 
tion without moving the entire antenna. However, if the feed is 
moved too far laterally from the focus, the beam will deteriorate, 
and therefore the amount of beam motion that can be obtained in 
this way is limited. 

If the feed is moved off the focal point or line in a direction along 
the axis, the radiation pattern will be broadened, since the rays will 
no longer be collimated (parallel). Therefore it is important to 
position the feed correctly at the focal point (or, when it is desired to 
direct the beam off axis, in the focal plane). 
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The focal point (or line) may be located by simple geometric 
measurement—that is, with a steel tape, or by the use of a surveyor’s 
transit if the reflector is very large. The theoretical location is of 
course determined by the parameter fin Eq. 6-1 (or 6-2). 

The question arises, exactly what point of the feed structure is to 
be positioned at the focus of the reflector ? Consider, for example, a 
horn radiator. Should the mouth of the horn be at the focus, or 
should the point at which the flare starts, or some other point? 
There is a similar question if the feed consists of a dipole backed by a 
parasitic reflecting element or a small sheet reflector. 

To answer this question it is necessary to introduce the concept of 
the phase center of a radiating source. This concept is based on the 
fact that in the far-field region of any radiator, the wavefront is 
spherical (even though, as has been discussed in this chapter, the 
near-field wavefront may be plane). In this spherical-wavefront 
region (i.e., in the far field), if the ray lines are drawn perpendicular 
to the wavefront, they will constitute a set of diverging (nonparallel) 
rays. They will appear to be emanating from a point. In the 
language of geometry, this point is the center of curvature of 
the wave-fronts. This point is also called the phase center of the 
antenna. It is the point from which the radiation appears to be 
originating. 

The calculation of the phase-center location for a given feed 
radiator may be a complex problem; it is often simpler to adjust its 
position experimentally until the best pattern is obtained (i.e., nar- 
rowest beam in the desired direction, and greatest gain). Methods 
of performing the necessary measurements are discussed in Sec. 
8-3 and 8-4. A knowledge of the approximate location of the phase 
center of the feed is of course helpful in this procedure. In most 
cases it is at or near the geometric center of the feed. Fora properly 
designed horn it is at the center of the aperture plane (mouth). 
However, if too great a flare is used in designing the horn, the phase 
center may be inside the horn. For some types of feed radiators the 
phase center may change if the frequency of operation is changed; 
thus this parameter becomes another factor in the determination of 
the bandwidth of the antenna. (Certain types of log-periodic 
radiators, discussed in Sec. 7—2, are especially subject to this effect, 
so that their otherwise excellent bandwidth properties may be 
severely limited when they are used as feed radiators for reflectors 
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and lenses. However, this is not true of all log-periodic types of 
radiators.) 

In addition to the problem of knowing where to position the feed, 
there is the companion problem of insuring that it will remain at the 
correct position when subjected to various stresses that may occur 
due to wind, gravity, ice loading, and so forth. The obvious method 
of accomplishing this is to support the feed with a strong and rigid 
mechanical structure. Unfortunately, in the case of a reflector 
antenna, there is the conflicting requirement that the feed support 
must not block too many of the reflected rays; it must not be opaque 
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Figure 6-9. Two methods of reflector feed support. 


if it is bulky, and if it is opaque it must not be bulky. A common 
method of support in large paraboloidal reflectors is a tripod or 
quadrupod attached to the reflector with its apex somewhat beyond 
the focal point, so that the feed may be nested under the apex. 
The support booms may be either hollow metal tubes or solid pieces 
of insulating material, such as fiberglass. When the reflector is 
small and of short focal length, the waveguide or transmission line 
may furnish adequate support. Reflectors with feeds supported by 
these methods are shown in Fig. 6-9. 

The fact that the feed support (and the feed itself as well) blocks 
the aperture is a disadvantage of many reflector antennas. How- 
ever, if a paraboloid or parabolic cylinder is cut so that the collimated 
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rays do not “see” the feed radiator, the problem of feed blockage is 
thereby solved. Figure 6-10 shows how this is done. The para- 
bolic section actually used is shown by the solid curve, while the full 
(symmetrical) parabolic section is shown dotted. This arrangement 
avoids blockage but somewhat complicates the problem of providing 
the desired primary pattern paper. 

The feed-support problem is most severe for paraboloidal reflec- 
tors when the beam direction must be steerable in any direction, or 
over a large range of angles. This means that some method of mov- 
ing the reflector (often called a “‘dish’’) must be provided, and the 
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Figure 6-10. Offset or “‘cut”’ parabolic reflector, showing that collimated rays 
are not intercepted (blocked) by feed. 


feed must be moved at the same time so as to keep it at the focal 
point; that is, the feed and the dish must be mechanically connected 
by arigid structure. The arrangements of Fig. 6-9 meet this require- 
ment. The problem of feed support is simplified when the antenna 
need not be moved, that is, when the beam is always to point in a 
fixed direction. The feed support can then be attached to the 
antenna base (e.g., the ground) rather than to the dish, and light 
weight is not as important. This situation occurs, for example, 
with large reflector antennas used for tropospheric-scatter point-to- 
point communication at VHF or UHF. 


Sec. 6-3 Feed Radiators Za 


When the feed is located in the aperture of the dish, so that it 
blocks some of the reflected radiation, the antenna pattern is ad- 
versely affected in two ways. The gain is somewhat reduced, because 
some power is reflected into directions other than the forward direc- 
tion. The side-lobe level is also increased. These are the principal 
reasons that blocking of the aperture by the feed is undesirable, and 
for employing a cut reflector, as in Fig. 6-10, if the feed is large, to 
minimize or eliminate blocking. Another undesirable effect occurs 
also when the feed is in the collimated beam. Some of the radiation 
blocked by the feed is reabsorbed—for example, if the feed is a 
horn, it enters the horn mouth and propagates back down the guide. 
This in effect creates a reflection mismatch, even though the horn 
radiating into empty space would properly match the guide. This 
effect can be compensated for by impedance-matching devices such 
as those described in Sec. 2-3, but this method has the disadvantage 
of reducing the bandwidth of the antenna. The method of using an 
offset feed with a cut paraboloid is better; but if the feed is small com- 
pared to the total aperture of the antenna, the effects of aperture 
blocking will be small and can usually be ignored. This is a reason 
for avoiding paraboloids with large f/D ratios, since a large f/D 
means that a relatively narrow primary pattern is required, and this 
in turn requires the feed horn or other radiator to be relatively large. 


Cassegrain Feeds. \nsome applications of paraboloidal reflectors it 
is important to minimize the length of the transmission line between 
the primary radiator and the first stage of the receiver, or the trans- 
mitter output. When the feed is placed at the focus of the para- 
boloid, the transmission line must usually be at least long enough 
to reach transmitting or receiving equipment (or both, in a radar 
antenna) located behind or below the dish. This can mean a run of 
50 to 100 feet or more of line or guide, and the losses in such lengths 
may be more than can be tolerated, especially in low-noise receiving 
systems (Sec. 7-8). 

One solution to the problem is to locate the first amplifying stage of 
the receiver very close to the feed, within at most a few feet.. This 
eliminates the losses on reception, but it is not a practical solution 
for transmitting, since the transmitter power amplifier is usually too 
large and too heavy to locate at the feed. Even for receiving it may 
sometimes be impractical to locate a preamplifier at the focus because 
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of the difficulty of performing servicing and adjustments. Require- 
ments for cooling and weatherproofing may also be difficult to meet. 
Finally, some of the very low-noise microwave preamplifiers, such 
as the maser, may be too large and complicated for this location, 
depending on the size of the reflector and the strength of the feed 
support structure. 

An alternative procedure is the use of a Cassegrain feed, in which 
the primary radiating source is located in or just behind a small 
opening at the vertex of the paraboloid, rather than at the focus. 
It is aimed at a small secondary reflector or subreflector located 
between the vertex and the focus. The arrangement is shown dia- 
grammatically in Fig. 6-11. 
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Figure 6-11. Cassegrain feed for a paraboloidal reflector. 


As shown, the rays from the primary radiator are reflected from the 
Cassegrain subreflector and then illuminate the main reflector just 
as if they had originated at the focus. They are then collimated by 
the main reflector in the usual way. As indicated, the subreflector 
is required to have a hyperboloidal curvature to reflect the rays from 
the source in the correct manner, so as to produce a “virtual source” 
at the paraboloidal focus. Since the transmitter and receiver are 
now located out of the ray paths and at a location where mechanical 
support is not usually a problem, they may be as large and heavy as 
required. Also, they are relatively accessible for servicing and 
adjustment. 

However, aperture blocking is now produced by the Cassegrain 
subreflector. This blocking may be tolerated in many large-antenna 
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applications in order to gain the advantages of an accessible primary 
radiator, but it is a defect of the Cassegrain scheme that may be 
serious. One way of avoiding it is by using an offset reflector, as is 
sometimes done with focal-point feeds. Another method is a 
polarization-twisting scheme,* if the primary radiator is linearly 
polarized. The Cassegrain reflector is made in the form of a wire 
grating rather than a solid metal sheet. The grating wires are 
parallel to the primary polarization so that total reflection occurs, as 
required. On the surface of the main paraboloidal reflector there is 
a special polarization-rotating structure, such that the collimated 
rays have a polarization rotated 90 degrees with respect to the primary 
polarization. The Cassegrain grating reflector is transparent to this 
polarization and hence does not block the radiation. (This polari- 
zation-rotation technique can also be used with ordinary paraboloidal 
feed systems to eliminate mismatch effects resulting from re-entry of 
the reflected waves into the primary radiator. When the polariza- 
tion is rotated, this re-entry will not occur if the feed radiator is 
insensitive to the reflected polarization, which it ordinarily will be.) 

The Cassegrain system is directly copied from the reflector system 
used in large astronomical optical telescopes, so as to permit the 
eyepiece to be placed below the main reflector. Fittingly, Cassegrain 
antennas have often been used as “‘radio telescopes”’ in the science of 
radio astronomy. 


6-4. Parabolic-Reflector Construction 


The term “parabolic” is here used to encompass both paraboloidal 
and parabolic-cylinder reflectors. Their sizes may range from tiny 
microwave dishes whose apertures are measured in inches up to those 
measured in hundreds of feet. The largest paraboloidal reflector 
at present is 1000 feet in diameter. It is located at the Arecibo 
Ionospheric Observatory at Arecibo, Puerto Rico, where it is used 
as a scientific instrument for probing the earth’s ionosphere, princi- 
pally at 435 Mc. It is used also for miscellaneous radio-astronomy 


* Described by P. W. Hannan in Antenna Engineering Handbook (Henry 
Jasik, editor), McGraw-Hill, New York, 1961, Chapter 25, pp. 11-14. Casse- 
grain design principles are also discussed. 
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studies. The reflector was fashioned in a natural “bowl” in the 
earth; the paraboloidal axis points straight up, with the vertex at 
the bottom of the bowl. The beam may be steered within a moder- 
ate angular range about this axis by moving the feed, which is sus- 
pended by a system of towers and cables high above the reflector. 
The reflector itself is of course fixed in position. Possibly the largest 
fully steerable reflector is the 250-foot dish at Jodrell Bank, England. 
The U.S. National Radio Astronomy Observatory at Green Bank, 
West Virginia, has a 300-foot reflector that is movable in elevation 
angle only. These are the “‘big dishes.”” There are several in the 
150- to 200-foot size range, and dishes of 85- and 60-foot diameter 
are fairly common. However, these are still “big antennas,” 
especially if they are steerable. 


Fabrication Methods. The smaller dishes are generally made of 
aluminum. They are formed by spinning or stretching on a solid 
form, which may be made of wood by standard woodworking tech- 
niques, using a parabolic template to check the shape. The template 
is in the form of a parabolic curve conforming to Eq. 6-1 for the 
desired value of f, the focal length. It may be made of metal, 
plastic, or any stiff material. If a paraboloid is being formed, the 
template is arranged to rotate about the desired parabolic axis. For 
a parabolic cylinder, it is provided with a translational axis on which 
it can be moved along a line parallel to the desired focal line. This 
technique can be employed for fabricating dishes up to about 10 
feet in diameter. Very small reflectors may be cast, then machined 
if a precise surface is required. 

For larger dishes the parabolic reflector must usually be supported 
by structural stiffening members attached to its back surface. The 
usual fabrication procedure is to construct this backup structure 
first. Radial members that are parabolically curved to the correct 
shape are joined by circular members to form a paraboloid, or similar 
pieces are connected by straight pieces to form a parabolic cylinder. 
Additional interconnections may be made to provide the required 
strength and stiffness. Finally, the reflecting surface is laid over 
and attached to this structural support. Again, the parabolic 
shape may be checked for correctness by means of atemplate. Shims 
may be added or removed to make final corrections. The surface 
may be either solid sheet metal, perforated sheets, or a metallic 
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mesh, in the form of panels of convenient size. If each panel is large 
compared to the wavelength of operation, it is not necessary to 
provide electrical bonding of adjacent panels at the adjoining edges, 
although it may be mechanically desirable to do so. The purpose of 
using perforated sheets or mesh material instead of solid sheets is to 
reduce the total weight of the dish and to make it have less wind 
resistance. The perforations or mesh openings must be small com- 
pared to the wavelength—less than 1/8 wavelength and preferably 
less than 1/16 wavelength, in the direction perpendicular to the 
polarization of the radiation if the polarization is linear. In the 
other direction the opening size is noncritical. 

These descriptions of fabrication techniques are not detailed, and 
do not cover all possible techniques and materials, as this subject 
is in the domain of mechanical engineering. The purpose here is 
solely to convey a general idea of the methods used. 


Reflector Surface Accuracy Requirements. The surface of a reflector 
must conform to the true parabolic curve described by Eq. 6-1 or 
6-2 to within a fraction of a wavelength in order to provide the 
desired plane wavefront of the reflected radiation. But perfect 
accuracy is unattainable, and construction of a precise surface is 
very expensive. It is desirable, therefore, to know what degree of 
inaccuracy can be tolerated without serious sacrifice of performance. 
Theoreticians have studied the question of how much deviation from 
a true parabolic surface is permissible, assuming that the deviations 
are of a random nature—that is, that they are not of a regular nature. 
An intuitive understanding of the effect of surface irregularities can 
be obtained from Fig. 1-6 (Chapter 1). As there shown, the total 
reflection consists of a specular (desired) component and a scattered 
or diffuse (undesired) component. 

The generally accepted rule-of-thumb figure is that the permissible 
deviation is 1/32 to 1/16 wavelength. Thus the irregularity of the 
reflector surface in effect determines the maximum frequency at 
which it can be used successfully; the higher the frequency of opera- 
tion desired, the more precisely accurate the surface must be. 

An analysis performed by Ruze* gives detailed information on 
* J. Ruze, “‘The Effect of Aperture Errors on the Antenna Radiation Pattern,” 
Nuovo Cimento, 9, Suppl. 3, 1952, 364. Also, Physical Limitations on Antennas, 


Massachusetts Institute of Technology, Research Laboratory of Electronics 
Technical Report 248, Oct. 30, 1952. 
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this matter. The random deviations of the surface from a true 
parabolic shape cause diffuse reflection that increases the side-lobe 
level and reduces the directive gain. Ruze has shown quantitatively 
how these effects are related to the root-mean-square (rms) deviation 
of the reflector from the exactly correct surface. He showed that a 
given rms deviation has a greater effect on side-lobe level in a small 
reflector than in a large one, and also that the effect depends on the 
correlation interval of the irregularities. Correlation interval is a 
statistical concept. If the individual “‘bumps”’ of the surface extend 
over a small area, the correlation interval is small. If they extend 
“over a larger area, as would be true of a “wavy” rather than a 
“bumpy” surface, the correlation interval is larger. In terms of 
these concepts, Ruze showed that a given magnitude of rms deviation 
from the true surface causes a greater increase of side lobes and 
reduction of gain when the correlation interval is large than when it is 
small. 

His paper and report contain curves giving the results for specific 
cases. As an illustration, a paraboloidal reflector of circular aper- 
ture, having a diameter of 25 wavelengths and typically tapered 
illumination, will have an additional side-lobe level of —20 db 
when the rms deviation of the reflector is 1/32 wavelength if the cor- 
relation interval is one wavelength. But if the correlation level is 
only a quarter of the wavelength, the additional side-lobe level will 
be only about —35 db. By “‘additional side-lobe level” it is meant 
that the relative power of the side lobes due to reflector inaccuracies 
will be added to the relative power of whatever side lobes would be 
present if the reflector were perfect. As an example of how this 
“addition”? would be computed, suppose that the side-lobe level 
with a perfectly accurate reflector would be —20 db, which corres- 
ponds to a power level of 1/100 or 0.01 of the main-beam level. 
Then an additional —20 db side-lobe level would add another 
relative power level of 0.01, giving a total level of 0.02. Thus the 
combined effects give a net side-lobe level of —17 db. On the other 
hand, an additional —35 db side-lobe contribution corresponds to 
an additional 1/3000, or roughly 0.0003, so that the total in this case 
becomes 0.0103, which is negligibly different from —20 db. 

Another factor of great importance is the rigidity of the reflector— 
its resistance to deformation due to wind or gravitational forces 
(including additional loading that may be imposed by ice in the 
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colder climates). Gravitational forces aie usually important only 
in steerable reflectors that may point sometimes at the horizon and 
sometimes at the zenith or intermediate elevation angles. If the 
reflector shape is paraboloidal at one of these angles, the loading at 
other angles may be such that it will deform, that is, the edges of the 
dish may sag differentially. This effect is important only for large 
heavy reflectors. Deviations of this type will have a serious effect 
on the pattern, however, since they are of the “‘large correlation 
interval’? type. A related effect is the possible variable effect of 
gravity on sag of the feed support structure, for different elevation 
angles of the antenna. The net effect of reflector deformation and 
feed-support deformation can be separated into two parts. One isa 
deterioration of the pattern—increase of side-lobe level and reduc- 
tion of gain; the other is a shift in the direction of the maximum of 
the beam, which may cause angle-measurement errors in a radar or 
radio-astronomy system unless the shift is known and corrected in 
interpretation of data. 

Distortion of the antenna by wind forces can also be serious, and 
resulting shifts of the beam direction cannot be corrected by a 
“calibration” as can be done for gravitational shifts. Wind forces, 
as previously mentioned, can be reduced by using perforated or 
mesh material for the reflector surface (“skin”). However, the 
most serious consideration in the reduction of wind force is usually 
that the antenna may be overturned in a high wind, or that the 
steering motors may be unable to overcome an opposing wind force. 
Most large steerable antennas, in fact, will not operate in very high 
winds, and are usually stowed (locked in a fixed position) when 
winds exceed 30 or 40 mph. Some types of moderate-sized steerable 
antennas, however, such as those of radars for air traffic control or 
for military and naval applications, are capable of operating in 
fairly high winds. 


6—5. Corner-Reflector Antennas 


Although the reflectors considered in this chapter are basically 
restricted to those having curved surfaces to produce a focusing or 
collimating action, thus eliminating plane reflectors from consi- 
deration, there is a type of reflector that represents an intermediate 
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case, namely, the corner reflector. It is somewhat analogous to a 
parabolic cylinder in that it is a “‘surface of translation,” requiring a 
line source of illumination. It is formed by the intersection of two 
plane reflectors, usually at right angles (“square corner’’). It is 
most often fed by a dipole or a collinear dipole array. A cross 
section of a typical arrangement is shown in Fig. 6—12a, and a pers- 
pective view Is given in Fig. 6-125. 

The aperture dimension, D,, may be between one and two wave- 
lengths. The feed-to-vertex distance, d, is made equal to half the 
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Figure 6-12. Corner-reflector antenna. 


side length, /. Thus the design equations are 
d=- (6-10) 


DoS tealal = 29287 (6-11) 


(The second equation is obtained from the Pythagorean theorem, 
which states that the hypotenuse of a right triangle is the square root 
of the sum of the squares of the other two sides.) The distance d is 
generally made to be between 1/3 and 2/3 wavelength. A thorough 
discussion of corner-reflector antenna design is given by Kraus.* 


* J. D. Kraus, Antennas, McGraw-Hill, New York, 1950, Chapter 12. 
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These equations are valid only within the stated range of values of 
D,. Within this range, increasing the size does not greatly affect the 
beamwidth and gain, but the radiation resistance and the bandwidth 
are increased. It is apparent from the fact that the maximum allow- 
able value of D, is about two wavelengths that the beamwidth in this 
dimension is fairly broad; it is about 40 degrees. In the other 
dimension, as with the parabolic cylinder the beamwidth is deter- 
mined entirely by the feed radiator, which may be a linear array with 
a fairly narrow beam. If a beamwidth in the corner-aperture 
dimension of appreciably less than 40 degrees is desired, a parabolic- 
cylinder reflector should be used instead of the corner. (The same 
feed may be used, positioned on the focal line of the parabolic 
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Figure 6-13. Stacked corner reflectors. 


cylinder.) The directivity of a corner-reflector antenna is approxi- 
mately 10 db greater than that of the feed radiator or linear array by 
itself. 

The surfaces of a corner reflector are frequently, in fact usually, 
made of spaced wires or tubes parallel to the vertex, rather than solid 
sheet metal. The spacing is a small fraction of a wavelength, and for 
polarization parallel to the wires the reflection is practically as good 
as that from a solid reflector. If the feed is a dipole or dipoles 
parallel to the vertex, as is almost always the case, the polarization 
will be correct. The use of spaced wires or tubes reduces the weight 
and the wind resistance. 

Corner reflectors with corner angles other than 90 degrees are 
sometimes used. A 60-degree corner has a slightly higher directivity 
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than a 90-degree corner, but the sides must be longer to realize the 
increase. (The vertex-to-feed distance must also be greater.) It is 
likely that the greater directivity may be obtained with less total 
reflector surface by using a parabolic cylinder, or by stacking two 
90-degree corners as shown in Fig. 6-13. This arrangement is in 
effect an array of corner reflectors. The two line sources must of 
course be fed in phase with each other. (Incidentally, parabolic 
cylinders may also be stacked in this way. The gain will be about the 
same as that of a single reflector of the same total aperture, but there 
may be some advantages in reduction of reflector depth.) 


6-6. Lens Antennas 


Lenses are used in approximately the same applications as are 
paraboloidal and parabolic-cylinder reflectors, though the frequency 
range of common use is somewhat higher, beginning at perhaps 1000 
Mc. Their greatest use is at 3000 Mc and above. At the lower 
frequencies they become too bulky and heavy. 


Optical Lenses. The collimating action of a simple optical lens is 
shown in Fig. 6-14. The behavior is shown for a source on the 
axis at the focal distance from the lens, resulting in collimated rays 
(plane wavefronts) on the other side of the lens. These collimated 
rays are parallel to the lens axis, an imaginary line through the optical 
center of the lens from the focal point. 

The rays from the point source at the focus diverge uniformly in all 
directions. A cone of these rays is intercepted by the lens. The 
material of the lens has an index of refraction that is (in the usual case 
when the external medium is air or vacuum) greater than that of the 
surrounding medium. (Optical lenses are of course usually made of 
glass, although transparent plastics are sometimes used.) In 
accordance with the principle illustrated by Fig. 1-3, Chapter 1, the 
lens bends the rays that impinge upon it at any angle other than 
perpendicularly to the surface. That is, all rays are bent except the 
one from the focus through the center of the lens. Unlike the flat 
surface shown in Fig. 1—3, the lens surfaces are curved, so that dif- 
ferent parts of the lens produce different amounts of bending. The 
result is that the rays from the focal point, upon emerging from the 
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opposite side of the lens, are parallel rather than divergent. Fora 
simple thin optical lens, the surface curvature to produce this result is 
spherical ; that is, the lens surface conforms to a portion of the surface 
of a sphere. 

This collimating action does not occur if the source is placed closer 
to or farther from the lens than the focal point. Then the rays on 
the emergent (right-hand) side of the lens will (respectively) diverge 
or converge. Both these types of behavior are useful in optical 
applications of lenses, but in radio applications the collimating 
behavior depicted in Fig. 6-14 is practically always desired. The 
rays on the right-hand side of the lens, in Fig. 6-14, are in effect 
“focused at infinity,” that is, parallel rays may be regarded as con- 
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Figure 6-14. Collimation of rays by a simple converging lens. 


verging to a point at an infinite distance. This description is, 
however, the geometric-optics approximation of the actual behavior, 
as has been noted in Sec. 6-2. 

A lens, like a reflector, is a reciprocal device. A source at the 
focus, on (say) the left-hand side of the lens, produces parallel rays 
on the right-hand side. Conversely, incoming parallel rays on the 
right-hand side will converge to a point on the left-hand side, at the 
focus. These two cases correspond to the use of a lens antenna for 
transmitting and receiving, respectively. They also illustrate the 
general principle of reciprocity, discussed in Sec. 1-3. 

Many of the principles and practices discussed in connection with 
parabolic reflectors also apply to lenses used as antennas. In par- 
ticular, this is true of the principles of illumination taper, aperture 
shape, and taper due to surface curvature in relation to side-lobe 
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levels, and of the relations between aperture size, beamwidth, and 
gain. Feed radiator requirements are in general quite similar, 
except that aperture blocking effects do not occur, as already noted. 
As will be discussed in Sec. 6-7 in more detail, a collimated beam may 
also be formed in a direction not parallel to the lens axis, by moving 
the source (feed) away from the focus in the focal plane—that is, 
perpendicularly to the lens axis—as was also indicated to be true for 
parabolic reflectors, for limited deviations from the optical axis. 


Lens Surface Configurations. The foregoing discussion of the optical 
properties of lenses considers the ray behavior in a single plane. If 
the surfaces of the lens have the same shape in all axial planes—that 
is, if they are “surfaces of revolution” —the same ray behavior is 
observed in all planes through the lens axis, and rays from a point 
source will be collimated (as in Fig. 6-14). A lens of this type is 
known in antenna applications as a rotational lens. If, on the other 
hand, the lens surfaces are curved in one direction only and are 
straight in the perpendicular direction, the focusing or collimating 
action will take place in one plane only, so that a line source of 
radiation is required. This type of lens is a cylindrical lens. The 
two types are analogous in their behavior and feed requirements to 
the paraboloidal and parabolic-cylinder reflectors. Lenses may also 
have apertures that are circular, elliptical, rectangular, or other 
shapes. 

The surfaces of simple optical lenses are spherical. Those of 
lenses used for radio applications generally have a more complicated 
curvature. One surface of a lens may be curved and the other plane, 
or both surfaces may be curved. Whereas the refracting material (e.g., 
glass) of optical lenses usually has an index of refraction (n) greater 
than one, the refracting region of a radio lens may have n either 
greater or less than one. Therefore the curved surfaces of con- 
vergent radio lenses may be either convex or concave. (A glass 
optical lens, to be convergent—that is, capable of collimating rays 
from a point or line source—must have at least one convex surface.) 
If the index of refraction is less than one (n < 1), one or both of the 
curved surfaces will be concave, whereas for n > 1 one or both will 
be convex. It is also possible to have one surface convex and one 
concave, provided that the convex surface has the greater curvature 
for n > 1 and vice versa for n < 1.. The various possibilities are 
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shown in Figs. 6-15 and 6-16. The curvatures are in all cases calcu- 
lated to produce the right amount of total ray bending at the two 
surfaces so that the rays from a focal point or line will issue from the 
opposite lens surface all parallel, that is, collimated. 


Convex-plane Convex-convex Convex-concave 
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Figure 6-15. Lens surface curvature combinations for n > 1. 


Lenses having simple curved and plane surfaces may be very thick, 
and therefore excessively bulky and heavy. Also, waves passing 
through the thickest portions of the lens may suffer considerable loss 
of power, since the lens structure or material may be dissipative. To 
offset these effects, lens surfaces can be zoned. That is, at definite dis- 
tances from the center of the lens, the surface is “stepped” so that its 
total thickness is reduced. The depth of each step is such that the 
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Figure 6-16. Lens surface curvature combinations for n < 1. 


rays passing through the lens on each side of the step have path 
lengths that differ by a full wavelength; hence they are in phase. 
The wavefront issuing from the lens is therefore the same as if zoning 
were not used. Figure 6-17 shows cross sections of zoned lenses 
corresponding to the unzoned types of Fig. 6-15a. Although zoning 
provides the benefits mentioned, it also introduces discontinuities 
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in the wavefront, which sometimes lead to increased side lobes and 
reduced gain. By careful design and special techniques these effects 
can be minimized. 


Lens Refracting Media. Small microwave lenses, mainly at the 
extremely high frequencies above perhaps 10 Ge (10,000 Mc), can 
be made of solid dielectric materials having indexes of refraction 
greater than one (n > 1). For the larger lenses, however, these 
materials would result in a lens of excessive weight and cost. It is 
therefore customary to employ, instead, artificial dielectrics that 


(a) Curved surface zoned (6b) Plane surface zoned 


Figure 6-17. Two methods of zoning the lens of Figure 6-15a. Dashed lines 
show contour of unzoned equivalent lens. 


consist mainly of air spaces between metallic conducting pieces. 
These pieces can be configured and spaced so as to produce a phase 
velocity of the waves that is either greater or less than free-space 
velocity. Ifthe phase velocity is greater than that of free space, the 
effective index of refraction is less than one, and vice versa. 
Artificial-dielectric media may be divided into three classes: (1) 
path-length media; (2) metallic-obstacle delay media; (3) metal- 
plate waveguide media. The first two types produce the effect of an 
index of refraction greater than one; the last type has a phase velocity 
greater than that of free space (just as ordinary waveguides do, as 
discussed in Sec. 2-5), and hence an index of refraction less than one. 
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A path-length medium is created by forcing the waves to follow a 
path within the lens that is longer than a straight-line path. Thus, 
even though the actual velocity in the medium may be the same as in 
free space, the effect is that of a lower phase velocity. One way of 
accomplishing this, for example, is to force the waves to travel within 
the lens between parallel metal plates that are formed into a serpen- 
tine shape in the direction of travel. 

The metallic-obstacle delay medium consists of an array of small 
metallic objects, such as spheres or cubes, separated by a non- 
conducting low-dielectric-constant material (such as “ polyfoam’’) 
that is used primarily to support the metallic objects. (This type of 
lens would function equally well with air between the metal pieces 
if they could somehow be supported by the air.) The size, shape, 
and spacing of the metal pieces determine the effective dielectric 
constant and refractive index. 

The metal-plate waveguide refracting medium consists of thin 
metal plates parallel to one another in the direction of propagation 
through the lens. The velocity of propagation (phase velocity) 
through the space between the plates is determined by the plate 
spacing just as it is for ordinary waveguides. Such a parallel-plate 
region is like a waveguide with the dimension b of Fig. 2-11 (Chapter 
2) of very large value, and with the dimension a close to the cutoff 
value (half of the free-space wavelength) so that the phase velocity 
will be high. The plates must operate in the fundamental TE mode 
(electric field parallel to the plates), and thus such a lens will function 
properly only for a proper polarization of the feed. However, it is 
also possible to have two sets of plates running in perpendicular 
directions so that a set of square waveguide channels is formed. 
This is known as “egg crate” construction, and it may be used with 
waves of any polarization. 


Variable-Index-of-Refraction Lenses. The lenses considered thus far 
depend for their action on the curvature of their surfaces. The 
medium between these surfaces must have an index of refraction 
different from that of the surrounding medium, which is generally air 
with n ~ 1. Within the lens, however, the index has been assumed 
to be the same everywhere. It is entirely possible, however, to 
construct a lens in which the index of refraction varies within the 
lens. It would be possible in this way to construct a converging lens 
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whose thickness was constant, that is, with plane surfaces. Alter- 
natively, the variable-index construction may be used to make lenses 
with most unusual properties. 

An example that has found important applications is the Luneberg 
lens, which is a sphere whose index of refraction (m) varies as a 
function of the radial distance from the center of the sphere according 
to the formula: 


n(r) = V2 — (r/R)? (6-12) 


where R is the radius of the sphere and r is the radial coordinate of 
any point within the sphere. It is apparent that n = 1 at the surface 


of the sphere (r = R) and has a maximum value of V2 at the center 
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Figure 6-18. Rays in a Luneberg lens. 


of the sphere (r = 0). Such a lens has an interesting and useful 
property; it will collimate the rays from a feed source placed any- 
where on its surface. The collimated rays will emerge on the oppo- 
site side of the sphere from the feed point, traveling in the direction 
of the line from the feed point through the center of the sphere. Thus 
a beam can be caused to point in any direction by moving the feed to 
an appropriate point on the lens. The behavior of the rays in a 
Luneberg lens is shown in Fig. 6-18. A sphere having the required 
variation of refractive index can be made using either an artificial 
dielectric medium or concentric spherical shells of solid dielectric 
material of different indexes of refraction. The effective refractive 
index of a solid dielectric material can be reduced to a desired value 
for this purpose by manufacturing it in the form of a “foamed” 
solid containing air spaces. 
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6-7. Beam Steering by Feed Offset 


The Luneberg lens just described is an ideal device for producing a 
beam that changes direction when the feed alone is moved, without 
moving the entire antenna. As indicated, the beam direction will 
be along the line from the feed phase center through the center of 
the lens. The quality of the beam will be equally good for all feed 
positions on the lens surface; that is, the gain, beamwidth, and side- 
lobe level will remain constant for all beam positions. 

Obviously, much less mechanical energy is required to move a 
small feed horn than to move an entire antenna. There is the 
problem, however, of providing a flexing or rotating joint in the 
waveguide so that the feed horn can be moved while the transmitter 
remains stationary. An alternative is to place a number of horns at 
fixed points to provide fixed beams in desired directions, and then to 
switch from one to another in accordance with the requirements of 
the particular application. 

A beam may be similarly steered with an ordinary lens or with a 
parabolic reflector, by moving the feed off the lens or reflector axis 
but keeping it in the focal plane. The off-axis collimation of a beam 
of rays using an offset feed with an ordinary lens is shown in Fig. 
6-19a. The same effect with a parabolic reflector is shown in Fig. 
6-195. However, the angular deviation (0) of the beam from the 
axial direction that can be obtained in this way is much more limited 
with ordinary lenses than with the Luneberg lens, and still more 
limited with a parabolic reflector. As the steering angle is increased, 
the beam shape deteriorates, resulting in increased beamwidth, 
decreased directivity, and increasing side-lobe level. At large 
values of offset of the feed, the beam deterioration becomes excessive; 
in fact, the pattern can hardly be referred to as a beam, and it is 
not usable as such. 

The permissible scan angle (or steering angle) by the feed-offset 
method is roughly proportional to the on-axis beamwidth and is 
generally of the order of a few beamwidths. The maximum scan 
angle is greater with large than with small f/D ratios. It may also 
be increased with lenses by the use of special surface curvatures, and 
with reflectors by combining special curvature with special feed 
design. 
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Figure 6-19. Off-axis beam formation by (a) a lens and (5) a reflector. 


6-8. Pattern Calculation for Radiation from Apertures 


In Secs. 5-1 through 5—5 it was indicated that array patterns in 
general can be calculated if the phases, intensities, and individual 
patterns of the elements are known, although in practice the calcu- 
lation may be very difficult. (The difficulty has been greatly lessened 
by the use of modern high-speed electronic digital computers.) 
Similarly, exact pattern calculations are possible, in principle, for 
antennas of the aperture type such as those discussed in this chapter. 
The method is not limited to these types, however. It is applicable 
to any aperture-type radiator, such as a horn, or a slot. In fact, 
many-element arrays may be analyzed by aperture theory, if the 
element intensities or current do not vary too violently, by taking as 
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the aperture distribution the continuous function corresponding to 
the discrete array distribution. 

The pattern calculation is possible in principle if the electromag- 
netic field can be described quantitatively at all points of a surface 
whose boundaries are those of the aperture. The aperture of an 
antenna is any surface through which all the collimated radiation 
passes, and it is generally defined by the outline of the antenna as 
viewed from a distant point on the axis. The calculation is based on 
electromagnetic theory; geometric optics cannot provide pattern 
information. 

The simplest problem of this nature is that of calculating the 
principal-plane patterns of a rectangular plane aperture within 
which the field intensity is of uniform phase and amplitude. The 
radiation from a many-wavelength aperture of this type in fact very 
much resembles that of a large uniform broadside planar array of the 
same size and shape. That is, the beam axis will be perpendicular 
to the aperture plane, and the gain and beamwidth are related to the 
aperture dimensions by Eqs. 6-3 and 6-4, with kz = 1. (These 
equations are essentially the same as Eqs. 5-16 and 5-17 for arrays.) 

If such a rectangular aperture lies in the yz-plane of a cartesian 
coordinate system with its center at the origin, then the beam axis will 
coincide with the x coordinate axis. If the sides of the aperture 
rectangle are parallel to the y- and z-axes, the pattern in the xy-plane 
is given by an integral: 


EG) =z |" exp (slay 613) 


y —Dy/ 


where ¢ is the azimuth angle in the xy-plane and D, is the length of 


the aperture in the y dimension. (As always, j = V—1.) The 
corresponding expression for the xz-plane pattern is obtained by 
substituting z for y everywhere in Eq. 6-13, and substituting cos 6 for 
sin ¢. 

The solution of this integral is 


athe (= 28 *) 


ee sin ‘) 
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E(¢) = (6-14) 
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This pattern is often plotted in terms of a coordinate designated u, 
which is defined as 


_ wD, sind 
DiskaED Uiaie (6-15) 
so that Eq. 6-14 becomes simply 
E(u) = == (6-16) 


At u = 0, this expression is indeterminate but may be evaluated by a 
method of differential calculus. It is thus found that for u = 0, 
E(u) = 1. This is, moreover, the maximum value of E, so that the 
equation describes a properly normalized relative pattern. The 
value of (sin u)/u is zero when u is equal to 7, 27, 37, etc. (radians). 
At these points, therefore, the electric intensity is zero; that is, the 
pattern has nulls at the values of ¢ for which uw is an integral multiple 
of radians. Secondary maxima (side lobes) occur at approximately 
the points for which uw has the values 37/2, 57/2, 77/2, etc., that is, 
approximately midway between the nulls (but not exactly, as may be 
shown by mathematical analysis). 

As mentioned earlier in this section, the directivity of an aperture 
within which the field intensity is truly uniform is given by Eq. 6-4 
with k2 = 1. For any other (nonuniform) aperture distribution, 
aside from the impractical superdirectivity distributions discussed in 
Sec. 5-6, k, is less than 1. The value of k, is called the aperture 
efficiency; it is a measure of the extent to which the practically 
attainable directivity of a given size of aperture has been realized. 

The beamwidth of the uniform-intensity aperture, for apertures 
large compared to the wavelength, is given by Eq. 6-3 with k, = 50.8 
degrees. (The value of k becomes slightly greater than 50.8 for 
apertures that are not large compared to the wavelength.) This is 
the factor used for calculating the beamwidth of a uniform linear 
array from Eq. 5-16 (see also Eq. 5-15). The first side lobes of the 
uniform-intensity apertures are, like those of the uniform linear array, 
13.2 db below the main-lobe level. Since this is a rather high side- 
lobe level, tapered aperture distributions are commonly employed 
to reduce the side-lobes, as has been discussed in Sec. 6—5, at the 
cost of reduced aperture efficiency. 

The pattern can also be calculated for nonuniform amplitude and 
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phase distributions of the field in the aperture, for nonrectangular 
apertures, and for planes other than the principal planes. In fact, 
the entire three-dimensional pattern can in principle be calculated. 
The integrals are more complicated in these cases and cannot always 
be solved by analytical methods. However, numerical integration 
by means of electronic digital computers is an effective technique. 
The integral expressions for general aperture-distribution pattern 
calculation are given by Jasik.* 


6-9. Comparison of Directive Antenna Types 


Two somewhat different ways of achieving directional antenna 
patterns have been described—the method of arrays in Chapter 5, 
and the method of ray collimation by reflectors and lenses in the 
present chapter. Each of the two methods has advantages and 
disadvantages; in some applications one is preferred, in other 
applications the other is better. Arrays are more commonly used 
at lower frequencies. They are not commonly used above about 
1000 Mc, although in special cases they may be used up to at least 
3000 Mc. Reflectors and lenses are most common above 1000 Mc, 
although parabolic reflectors are fairly common down to at least 
100 Mc. Lenses are basically microwave devices, not ordinarily 
used below about 3000 Mc. 

In the frequency region around 1000 Mc, possibly from about 300 
to 3000 Mc, the choice between an array and a paraboloidal reflector 
may sometimes be difficult. Reflectors are favored when the desired 
beamwidth is less than a few degrees, and arrays are favored when 
high aperture efficiency is desired. Arrays are also indicated when 
the advantages of scanning by array phasing are desired, whereas 
reflectors are usually indicated if broadband operation or low noise 
temperature (to be discussed in Secs. 7-1 and 7-8) are required, to- 
gether with high directivity. Sometimes the best solution to a 
particular antenna problem may be a combination of a linear-array 
feed and a parabolic-cylinder reflector. 

The principal advantage of lenses over reflectors is that the feed 


* H. Jasik, Antenna Engineering Handbook, McGraw-Hill, New York, 1961, 
Chapter 2, pp. 2-25 to 2-36. 
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and feed-support structure do not block the aperture, since the rays 
are transmitted through the lens rather than returned toward the 
feed. Lenses can also be designed to operate satisfactorily with the 
feed farther off the optical axis, and hence are useful in applications 
requiring a beam that can be moved angularly with respect to the 
axis (although, as has been mentioned in Sec. 6-7, this is possible in 
a moderate degree with reflectors). A further advantage is that 
permissible mechanical tolerances are somewhat greater for lenses 
than for reflectors. On the other hand, lenses are usually bulkier, 
heavier, more complicated to design and construct, and more 
expensive for the same gain and beamwidth than are reflectors. 
These factors become somewhat less significant at the very short 
wavelengths, above 10,000 Mc, and it is in this region that lenses are 
most commonly used. 

In Sec. 1-1, Chapter 1, it was mentioned that light waves and radio 
waves are both electromagnetic waves, differing only in frequency 
(and wavelength). Another practical difference, until recent years, 
has been the fact that it was possible to generate coherent wave- 
trains at radio frequencies, whereas light waves could be generated 
only in noncoherent form (for example, by an incandescent lamp). 
Coherence refers to maintenance of a constant phase angle (the 
angle ¢ in Eqs. 1-2 and 1-3) for an appreciable period of time (for 
many cycles). Now, however, the /aser makes possible the generation 
of coherent light waves, with which many of the applications formerly 
restricted to radio waves are possible. In these applications of 
lasers lenses and reflectors are used as collimating and focusing 
devices, or “‘light-wave antennas.” 


PROBLEMS AND EXERCISES 


1. A circular-aperture paraboloidal reflector has a focal length of 10 
feet. The depth of the reflector (z, in Fig. 6—2) is 6.4 feet. (a) What is 
the aperture diameter, D,? (b) What is the f/D ratio? (Hint: Use 
Eq. 6-1, noting that when z = z,, x = D/2.) 

2. A paraboloidal reflector of circular aperture has a diameter 
Da = 30 feet. The frequency of operation is 450 Mc. (a) If the con- 
stant k, of Eq. 6-3 is 70 degrees for this antenna, what is the beamwidth? 
(b) If kz in Eq. 6-4 is 0.6, what is the directivity, D? Express this result 
as both a power ratio and in decibels. (Note: All length and area quan- 
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tities in Eqs. 6-3 and 6-4 must be expressed in a consistent system of 
units. One meter is equal to 3.28 feet. One foot is 0.3048 meter.) 

3. A paraboloidal reflector has an aperture dimension D, = 40 feet, 
in a particular plane. The focal length is 12 feet. (a) What is the angle 
(28) subtended by the reflector as viewed from the focus, in this plane? 
(b) If a primary horn feed of beamwidth 100 degrees in this plane is 
placed at the focus of this reflector, approximately what will be the illu- 
mination edge taper (72)? (c) Approximately what will be the side- 
lobe level, in decibels ? 

4. A rectangular-aperture parabolic-cylinder reflector is to be operated 
with a uniform collinear-dipole array as the feed radiator. The cylin- 
drical axis and the array are aligned horizontally. It is desired to obtain 
a horizontal beamwidth of 2 degrees and a vertical beamwidth of 20 
degrees. (Note: The horizontal beamwidth is determined by the array, 
whereas the vertical beamwidth is determined by the parabolic aperture.) 
The wavelength of operation is A = 0.25 meter (f = 1200 Mc). The 
array spacing d of Eq. 5—15 is 0.7 A, and the constant k, of Eq. 6-3 is 60 
degrees. It is deemed advisable to extend the horizontal dimension of 
the reflector a distance of one wavelength beyond the centers of the end 
elements of the array. What must be the dimensions of reflector aper- 
ture? (Hints: The horizontal beamwidth will be the same as that of a 
uniform linear array of isotropic elements; the element pattern in this 
case has virtually no effect, and the reflector does not affect the horizon- 
tal beamwidth. The length of an array of n elements, between the 
centers of the end elements, is (m — 1)d. In solving Eq. 5—15 to find the 
required value of n, the initial solution will not be an exact integer; but 
of course m must be an integer. Therefore, take for n the nearest integer 
to the nonintegral value found from Eq. 5-15.) 

5. A 90-degree corner-reflector antenna operating at a wavelength of 
one meter (f = 300 Mc) has a dipole feed positioned one-half wavelength 
from the vertex of the corner. Approximately what should the side 
length (/) and the aperture dimension (D,) be? Express the result in 
meters, and also in feet and inches. 

6. State whether you would use an array, a paraboidal reflector, or a 
lens to meet the following antenna requirements: (a) A beamwidth of 50 
degrees in both principal planes, at a frequency of 50 Mc. (b) A beam- 
width of approximately one degree in both principal planes, at a fre- 
quency of 30 Gc, with considerable capability of angular beam motion by 
off-axis feed positioning, and freedom from aperture-blocking effects. 
(c) A beamwidth of approximately one degree in a fixed direction in 
both principal planes, at a frequency of 5000 Mc, with the lightest pos- 
sible weight, lowest cost, and good bandwidth properties. 
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7. List three advantages of a paraboloidal-reflector antenna over a 
lens antenna, for the same aperture size. 

8. List three advantages of a lens antenna over a reflector antenna, for 
the same aperture size. 

9. A rectangular aperture in the yz coordinate plane has a y-dimension 
Dy, = 10A._ The field in the aperture is of uniform intensity and phase. 
At what positive and negative values of the azimuth angle ¢, in the xy- 
plane, will the first nulls of the pattern occur? 

10. Show that for the aperture of Problem 9 (D, = 10 A), the relative 
value of E(¢) is approximately 0.707 when ¢ has the value 25.4 A/D, 
degrees. (This result confirms the fact that k, in Eq. 6-3 has the value 
50.8 (twice 25.4) for this particular case, since the E(¢) = 0.707 point on 
the beam pattern corresponds to the half-power-density points, which 
define the beamwidth.) Note: In the numerator of Eq. 6-14 it is per- 
missible to make the substitution 7 radians = 180°, in order to work 
with available trigonometric tables; but this substitution must not be 
made in the denominator. Here the value of 7 must be taken as 3.14 
radians (more accurately, 3.14159). 


‘¢ 


Antennas with special 
properties 


In this chapter a number of special classes of antennas will be 
described—antennas in which some particular property is empha- 
sized. Since each of the classes considered could easily provide 
material for a whole chapter, the discussions will necessarily be 
limited to general ideas and some of the more important particulars. 
Additional details may be found in the references given. 


7-1. Broad-Band Antennas 


As discussed in Sec. 3—9,* the bandwidth of an antenna can be 
defined in various ways, depending on the requirements. It is custo- 
mary to speak of the impedance bandwidth, and the pattern bandwidth 
separately when a precise description of antenna bandwidth is 
required. 

Bandwidths are sometimes specified in terms of percentage of the 
center frequency and sometimes as the ratio of the maximum to the 
minimum frequency. Which method of specification is used depends 
on the magnitude of the bandwidth. If the ratio of maximum to 
minimum frequency is less than 2:1, the percentage figure is often 
given (a 1.1:1 ratio, for example, corresponds to roughly 10% band- 
width). The higher bandwidth ratios are generally given as ratios. 
Bandwidths of 10:1 and higher are achievable with special types of 


* The reader may find it profitable at this point to review Sec. 3-9 of Chapter 3. 
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antennas. On the other hand, a 10% bandwidth or even less may 
represent a great engineering achievement in some applications—for 
example, in a large array antenna. Since broad bandwidth is often 
a necessary property of an antenna, much research and development 
have gone into improving the techniques of designing antennas for 
broad-band operation, and much progress has been made. 


Basic Broad-Band Principles. Conventional antennas are essen- 
tially resonant structures. They have properties that go through 
maximum and minimum values at particular frequencies. These 
properties are the input impedance and the various pattern proper- 
ties that have been mentioned. A center-fed linear wire is an 
example. At the frequency at which its length is (approximately) 
a half wavelength, the reactive component of the input impedance is 
minimum (or zero), and the radiation is maximum in the direction 
perpendicular to the dipole, as was discussed in Sec. 4-3. As the 
frequency is increased indefinitely, the impedance and the radiation 
in the perpendicular direction go through successive maxima and 
minima, although the two properties do not go through these in 
step with each other. This fact indicates why the impedance band- 
width and the pattern bandwidth have to be considered separately. 

It is well known that if a resonant circuit is “‘loaded”’ by connect- 
ing or coupling a dissipative element (e.g., a resistor) to it, the 
sharpness of the resonance, and also the amplitude of variation of 
impedance and other properties, will be reduced. This is another 
way of saying that the bandwidth will be increased. This fact 
provides one approach to broadening the impedance bandwidth of 
antenna, at the sacrifice of efficiency. This method is used in the 
terminated rhombic and V antennas (Sec. 5-8), and it is the basis of 
the well-known excellent bandwidth properties of these antennas. 
Resistive loading can also be used with short-monopole VLF 
antennas to broaden the bandwidth when wide-band modulation of 
the transmitted signal makes increased bandwidth necessary. With- 
out such loading these antennas may be very narrow-band because of 
the large reactive component of the input impedance; when this 
reactance is tuned out by means of a large inductance, a “high Q” 
resonant circuit may result. (High Q implies narrow bandwidth.) 
However, a resistive loading is unnecessary when ground losses and 
other conductor losses reduce the Q sufficiently. 
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At higher frequencies, however, conductor losses may be very low. 
Consequently, simple antennas may be found to have inadequate 
bandwidth. But at these frequencies, deliberate loading with resis- 
tance is seldom practiced. In the first place, the extremely narrow 
bandwidth sometimes encountered at VLF is not usually found at 
higher frequencies, because there is a better ratio of radiation resis- 
tance to reactance. In effect, the radiative loading lowers the Q. 
Moreover, other methods of improving bandwidth have been dis- 
covered. These methods may be separated into two classes—those 
that apply to basic radiators, and those that apply to complex 
antennas, such as arrays, reflector-feed combinations, and lens 
antennas (in which the refracting element as well as the feed may be 
frequency-sensitive). This separation is not absolute, but it is of 
some value. 

The methods that apply to basic radiators, such as dipoles, are 
mostly geometric in nature. That is, the employment of certain 
shapes, and certain size ratios, have been found to be beneficial. A 
dramatic extension of this class of methods has been made in the 
development of the log-periodic antennas, or frequency-independent 
antennas as they are also called. 

Other methods apply to complex antennas. In some cases it is 
possible to combine elements whose variations of impedance (or 
other properties) are complementary in such a way that they tend to 
offset each other, as the frequency is varied. The bandwidth of an 
array is, naturally, improved by employing broad-band radiators as 
the elements. It is important to note, however, that the element 
bandwidth in the array environment may be less than it would be 
when isolated, because of mutual coupling effects. 

Another important factor in broad-band array design is the trans- 
mission-line or waveguide feed system.* Certain possible arrange- 
ments are much less frequency-sensitive than others. The two 


* The word feed has a dual meaning in antenna usage. The feed of an array is 
the system of transmission line or waveguide that distributes the rf power of the 
transmitter among the elements of the array in the correct manner, to provide 
the required amplitude and phase in each element. The feed of a reflector or 
lens, on the other hand, is the illuminating radiator. Although these two types 
of feeds are physically quite different, their functions are similar. One type 
determines a distribution of current amplitude and phase over an array; the 
other determines a distribution of field intensity and phase over an aperture. 
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basic methods are shown in Fig. 2-8, Chapter 2. For broadside 
arrays, the method of Fig. 2-8a is much better than that of Fig. 
2-8b, because it preserves the same total length of line from the 
common input point to each element of the array; therefore all 
elements will be in phase regardless of the frequency. But with the 
arrangement of Fig. 2-8b, the elements will be in phase only at 
frequencies for which the interconnecting line length, d, is an integral 
multiple of a wavelength. (As noted in Sec. 5-10, this fact is useful 
in the special case of a frequency-scanning array.) The arrange- 
ment with all input-to-element path lengths equal is called a corporate 
structure feed system. 

It is often necessary to provide impedance-matching transformers 
at an antenna’s input terminals or at the elements of an array. 
Baluns may also be required. The bandwidth of the transformers 
and baluns is an important factor in determining the overall impe- 
dance bandwidth. It is desirable to employ a transformer and balun 
whose reactance variations with frequency are in such a direction 
that they tend to cancel the reactance variation of the antenna or the 
array element. For example, a dipole fed at the center has inductive 
reactance at frequencies above the resonant frequency, and capaci- 
tive reactance at lower frequencies. A possible method of adjusting 
the dipole input impedance is to make it shorter than the resonant 
length, so that it is capacitive; then a short-circuited section of trans- 
mission line (shorted stub) is connected across the antenna input 
terminals, and its length is adjusted until it has an inductive reactance 
just sufficient to counteract the capacitive reactance of the dipole. 
(The required stub length is obtainable by rearranging Eq. 2-36, 
Chapter 2.) The resulting input resistance will have different values 
for different amounts of shortening of the dipole from the resonant 
length. The reactances of the stub and of the dipole will tend to 
cancel as the frequency is varied up or down. The cancellation will 
be imperfect, but there will be less net reactance change with fre- 
quency than there would be for a resonant dipole without the stub. 
This is a relatively simple illustration of a principle. More elaborate 
and effective methods may be used in practice. 

These observations serve mainly to convey some of the general 
ideas and a few particulars of the art of making complex antennas 
broad-band. The remainder of this section is devoted to a discus- 
sion of the design of individual radiators of broad bandwidth. 
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Broad-Band Dipoles. Since dipoles are the most useful of radiators 
over a large part of the radio spectrum, considerable study has been 
devoted to designing them for broad bandwidth. The principal 
factor determining the bandwidth of a dipole has been found to be 
its thickness relative to its length. A “‘fat” dipole has much broader 
bandwidth than a thin one. 

This principle can of course be more readily exploited at the 
moderately high frequencies where the dipole length is not too great 
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Figure 7-1. Several forms of fat dipoles. (a) Cylindrical dipole. (6) Cylin- 
drical with conical ends at gap. (c) Prolate spheroidal antenna. 


—generally at frequencies above about 100 Mc, occasionally at 
somewhat lower frequencies. Dipoles are commonly employed as 
radiators up to about 1000 Mc, occasionally up to a few thousand 
megacycles. Therefore the practical region of application of the 
principles to be discussed is about 30 to 3000 Mc. 

The discussion of dipole properties in Sec. 4-3 was based on the 
assumption that the length-to-diameter ratio was very large, that is, 
that the dipole was thin. Fat dipoles do not have the same input 
impedance and current distribution as thin dipoles. Their radiation 
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patterns are similar, although not identical. The important property 
of the thick dipole is that its impedance variation with frequency is 
much less than for a thin dipole. 

It is common practice, therefore, in the frequency region men- 
tioned, to make dipoles using large-diameter tubing or pipe rather 
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Figure 7-2. Resistive component of input impedance of a center-fed cylin- 
drical dipole as a function of frequency, for three values of length-diameter 
(L/D) ratio. Plotted from values calculated by Kennedy and King. 


than thin wire. This results in a cylindrical dipole, as illustrated in 
Fig. 7-la. A length-to-diameter ratio as low as 10 is not uncommon. 
The shape is sometimes modified as shown in Fig. 7-15 and 7-Ic. 
The variation of the input impedance of the simple cylindrical 
dipole for three different values of the length-to-diameter ratio 


Sec. 7-1 Broad-Band Antennas 307 


(L/D) is shown in Figs. 7-2 and 7-3. These curves are based on 
calculations.* Because of effects at the point of connection of the 
transmission line, these values may not be observed exactly in prac- 
tice, but they serve as a guide to the approximate values and the 
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Figure 7-3. Reactive component of input impedance of a center-fed cylindri- 
cal dipole as a function of frequency, for three values of length-diameter 
(L/D) ratio. Dashed-line portions of curves represent negative (capacitive) 
reactance, and solid-line portions represent positive (inductive) reactance. 
Plotted from values calculated by Kennedy and King. 
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* Phyllis A. Kennedy and Ronold W. P. King, Cruft Laboratory (Harvard 
University) Technical Report 155, April 1, 1953, “‘ Experimental and Theoretical 
Impedances and Admittances of Center-Driven Antennas” (work done under 
contract to Office of Naval Research). Also reported in The Theory of Linear 
Antennas, by R. W. P. King, Harvard University Press, Cambridge, Mass., 
1956. 
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nature of the variation. It is apparent from these curves that the 
variations of resistance and reactance are much less for fat dipoles 
(L/D = 17 and L/D = 122) than for thin dipoles (L/D = 11,000). 
The frequency fo is the value at which the dipole is a half wavelength 
—that is, L = A/2 when f = fo. The resulting values of the VSWR 
on a transmission line for the various values of f/f) could be calcu- 
lated by taking the values of R and X given by these curves to deter- 
mine the quantities R,/Z,) and X,/Z, for use in Eq. 2-45, Chapter 2, 
from which the line voltage variation may be plotted. Alternatively, 
the Smith Chart, described in Sec. 8-2, could be used to determine 
the VSWR directly from the values of R,/Z,) and X,/Zo. 


mae = 


Transmission 
line 


Figure 7-4. Biconical antenna. 


Biconical Antennas. A radiator generally regarded as a form of 
dipole is the biconical antenna, shown in Fig. 7-4. This type of 
antenna is usually analyzed in terms of the cone half-angle 6 together 
with the parameters s and h. As seen by comparison of Fig. 7-4 
with Fig. 4-22, Chapter 4, it is virtually identical to the biconical 
horn. Whether it is regarded as a dipole or a horn is partly a matter 
of preference in some cases. Conventionally it may be considered 
a dipole if @ is less than 45 degrees and a horn if 6 is greater than 
45 degrees. The mode of excitation also affects this distinction. 
The biconical antenna can be regarded as a dipole only if it is excited 
to produce polarization parallel to the conical axes (TEM mode). 
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In either case, however, the antenna has broad-band properties. 
The broad-band qualities of horns have already been mentioned. 
As a dipole, the biconical antenna has a bandwidth roughly equiva- 
lent to that of a cylindrical dipole whose diameter is somewhat less 
than the maximum cone diameter. Biconical antennas have been 
extensively analyzed by Schelkunoff.* He has also used the biconi- 
cal antenna as a theoretical basis for deducing properties of cylin- 
drical antennas, with results similar to those of Figs. 7-2 and 7-3. 


Monopoles. Dipoles, whether cylindrical, biconical, or of other 
shape, are symmetrical radiators when fed at their centers. All 
dipole types can also be used as monopoles, which were discussed for 
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Figure 7-5. Monopole antennas corresponding to the dipoles of Figures 7—1 
and 7-4. 


specific dipole forms in Secs. 4-1 and 4-3. A monopole is half of a 
dipole operated in conjunction with its image in a conducting ground 
plane perpendicular to it. Monopole designs corresponding to the 
various broad-band dipoles that have been discussed are shown in 
Fig. 7-5. There are innumerable variants of the shapes shown. 
The feed-point (input) impedance of a monopole is exactly half the 
value of the corresponding dipole, if the ground plane is a perfect 
conductor and of infinite extent, and the pattern corresponds 
exactly to half the pattern of the dipole. Since for a given input 


* S. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, Princeton, N.J., 
1943. Also, Schelkunoff and Friis, Antennas: Theory and Practice, Wiley, New 
York, 1952; and Schelkunoff, Advanced Antenna Theory, Wiley, New York, 
1952. 
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power the radiation is concentrated into half the solid angle occupied 
by the dipole pattern, the directive gain of the monopole is twice that 
of the dipole in free space. (See discussion of directive gain in Sec. 
3-3 and of vertical radiators in Secs. 4-1 and 4-3.) In practice, of 
course, the ground plane will not be a perfect conductor of infinite 
extent, but the properties of the monopole will approximate those 
just described if the ground plane is a good conductor extending to a 
distance several times as great as the height of the monopole. 

Monopoles are especially useful as vehicle antennas where the 
ground plane is the “‘skin” of the vehicle (ship, boat, automobile, 
tank, aircraft, spacecraft). On aircraft the monopole may for aero- 
dynamic reasons take the shape of a streamlined “‘blade”’ rather 
than the circular-cross-section shapes commonly used in other 
applications. Another advantage of the monopole is that it is con- 
veniently fed by a coaxial line. (The advantages of coaxial lines are 
discussed in Sec. 2-4.) A monopole has the same bandwidth proper- 
ties as the corresponding dipole. 


Folded Dipoles. A very important variation of the simple dipole is 
the folded half-wave dipole, depicted in Fig. 7-6. A principal advan- 


Figure 7-6. Folded dipole. 


tage of the folded dipole is its higher input impedance that can be 
more readily matched to the characteristic impedance of a two-wire 
line (Eq. 2-62, Chapter 2). The folded construction results in a 
step-up of the approximately 70-ohm simple-dipole input impedance 
by a factor of 4. Hence the input impedance of a basic folded 
dipole is about 300 ohms (actually slightly less). Folded dipoles are 
often used as elements of television receiving antennas; they are a 
common sight on the rooftops of America. The commonly used 
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TV “twin lead” transmission line (parallel wires about ;%5 inch apart, 
embedded in a low-loss plastic supporting and spacing material) has 
300-ohm characteristic impedance and thus almost exactly matches 
the folded-dipole input impedance. 

This statement applies only to a folded dipole by itself. When it is 
an element of an array, or is used with a reflector, its input impedance 
may no longer have this value, and an impedance-matching device 
may then be required. Even so, the matching to a two-wire line is 
easier to accomplish than it would be with a simple dipole. 

The folded dipole also has somewhat better intrinsic bandwidth 
properties than a simple dipole of the same size conductors. The 
folded construction tends to produce the reactance-canceling action 


Figure 7-7. Three-wire folded dipole. 


of a short stub line in parallel with the simple-dipole reactance, at 
frequencies off resonance. The great difference between the impe- 
dance behavior of the folded dipole and the ordinary dipole may be 
seen by considering a very short folded dipole (short compared to a 
half wavelength) in comparison with a very short ordinary dipole; 
the short folded dipole will have a very low inductive impedance 
whereas the short ordinary dipole will have a very high capacitive 
input impedance. For longer-than-half-wave dipoles the opposite 
comparison of reactances applies; the folded dipole is capacitive, and 
the simple dipole is inductive. The folded dipole has bandwidth 
properties equivalent to those of a fat dipole of diameter somewhat 
less than the spacing of the folded-dipole conductors. 

Additional step-up of the simple-dipole impedance may be 
obtained by adding more “folded”? conductors. A_ three-wire 
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folded dipole is shown in Fig. 7-7. Its input impedance is approxi- 
mately nine times the normal 70-ohm impedance, or about 630 ohms. 
Still more conductors can be added to obtain even higher impedance, 
though an input impedance higher than about 600 ohms is seldom 
desired. The step-up ratio may also be altered by making the folded 
conductors of different size from the basic conductor. Many other 
variations of the folded-dipole principle have been devised. 

A typical folded dipole for TV reception is made of aluminum or 
plated-steel tubing + to 4 inch in diameter. Since the dipole length 
is perhaps 2 or 3 feet, tubing of this size provides the necessary stiff- 
ness and strength to make it self-supporting. 

Superturnstile Antenna. A form of broad-band dipole much used as 
the element of a TV transmitting array, known as the superturnstile, 
is shown in Fig. 7-8. This element is partly a dipole and partly a 
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Figure 7-8. Element of a superturnstile antenna. 


slotted-sheet antenna. The slot is vertical and the dipole horizontal; 
hence the polarization is horizontal. It is fed by a balanced line at 
the center of the slot. The input impedance is about 75 ohms. This 
radiator has a 30 to 35% impedance bandwidth for a VSWR not 
exceeding 1.1:1. Its broadband properties stem partly from the 
large dipole width and partly from the fact that the dipole and the 
slot have “complementary”’ impedance variation characteristics 
that tend to offset each other as the frequency is varied. As shown 
in Fig. 7-8, the slot length is slightly more than one-half wavelength 
because the phase velocity of the field in the slot exceeds that of free 
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space. The dimensions given are approximate and will depend 
somewhat on the spacing of the conductors when the dipole portion 
is made of spaced rods rather than solid sheet, as it usually is. Ina 
typical VHF TV transmitting array of these elements, they are 
mounted in pairs on a vertical steel mast, the pairs stacked one above 
the other, as sketched in Fig. 7-9. The mast runs “through”’ the 
slot. Each pair is fed 90 degrees out of phase, resulting in approxi- 
mately circular coverage in the horizontal plane. The stacked pairs 
are fed in phase, to produce array gain horizontally. 


Figure 7-9. Two vertically stacked “‘bays”’ of a superturnstile TV transmitting 
antenna. 


Miscellaneous Broad-Band Dipole Types. \nnumerable variations of 
the basic dipole types that have been described have been devised. 
Some of the more common ones are shown in Fig. 7-10. 


Other Radiators. Broad-band dipoles have been discussed exten- 
sively because of their importance in many applications, and also 
because many of the principles discussed apply to other radiator 
types as well. It is not possible here to discuss the broad-banding of 
every type of radiator, but some general observations can be made. 
Horns and helixes are basically broad-band radiators, since their 
operation does not depend on any critically resonant element or 
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elements. They do of course have maximum and minimum fre- 
quencies. For the rectangular horn these are usually the frequency 
limits of the rectangular waveguide, which is a 2:1 range. (See 
Sec. 2-5.) Slot radiators have bandwidth properties similar to 
those of dipoles. The various nonresonant antennas described in 
Sec. 4-4 have excellent bandwidths, but the resonant long-wire 
types do not. 

In all this discussion, and in what follows, the bandwidth is con- 
sidered for operation of the antenna without any adjustments when 
the frequency is changed. It is of course possible to operate an 
essentially narrow-band antenna over a considerable frequency range 
if some provision is made for adjustment of critical lengths, or for 
adjusting an impedance-matching transformer. In some applica- 
tions this type of operation is possible, and is employed. Possibly 
the most common example is the adjustable “‘rabbit ears” indoor 
antenna sometimes used with television receivers, the dipole length 
being adjustable by means of a telescoping construction. 


7-2. Frequency-Independent (Log-Periodic) Antennas 


A very sophisticated and effective approach to achieving broad- 
band antenna design has evolved from the initial work of V. H. 
Rumsey, J. D. Dyson, R. H. DuHamel, and D. E. Isbell at the Uni- 
versity of Illinois.* The class of antennas that has resulted are 
called frequency-independent or log-periodic antennas. (The term 
log-periodic is perhaps too restrictive since it refers to only one aspect 
of their behavior.) These antennas achieve bandwidths of 10:1 
with ease, and much larger values are possible with careful design. 
Their broad-band behavior includes both impedance and pattern 
characteristics. They are a class rather than a type of antenna, 
because there are many different types. They have a wide variety of 
physical appearances, some of them quite bizarre in comparison with 
more conventional antennas. They may have unidirectional or 
bidirectional patterns of low to moderate directive gain. Higher 


* V. H. Rumsey, “‘ Frequency Independent Antennas,”’ JRE National Conven- 
tion Record, 1957, Part I, pp. 114-118. Also R. H. DuHamel and D. E. Isbell, 
‘Broadband Logarithmically Periodic Antenna Structures,” op. cit., pp. 
119-128. 
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directive gain may be obtained by using them as elements of an array 
or as feeds for parabolic reflectors and lenses, in which use, however, 
a design must be chosen that maintains a constant or nearly constant 
phase center. (Many log-periodic types do not.) Log-periodic 
array design presents special problems not encountered in ordinary 
arrays. Excellent discussions of the subject have been published by 
Deschamps and DuHamel* and by Jordan et al.f 


The Log-Periodic Principle. A\l the frequency-independent antennas 
have a special kind of repetitiveness in their physical structure, 
which results in a repetitive behavior of the electrical characteristics. 
That is, the design involves a basic geometric pattern that is repeated, 


Beam direction 
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Figure 7-11. Log-periodic dipole array. 


but with a changing size of the pattern. The pattern size changes 
with each repetition by a constant scale factor so that the structure 
““srows”’ (or shrinks, depending on the direction considered). 
These principles are illustrated by the log-periodic “dipole array”’ of 
Fig. 7-11, which is perhaps the nearest that a log-periodic design 
can come to resembling a conventional antenna. (There is a marked 
similarity to the end-fire dipole array described in Sec. 5—2.) 

This particular form of dipole array was devised by D. E. Isbell. 


* G. A. Deschamps and R. H. DuHamel, Chapter 18 of Antenna Engineering 
Handbook (H. Jasik, ed.), McGraw-Hill, New York, 1961. 

t E. C. Jordan, G. A. Deschamps, J. D. Dyson, and P. E. Mayes, “‘ Develop- 
ments in Broadband Antennas,” JEEE Spectrum, 1, No. 4, 58-71 (April 1964). 
t D. E. Isbell, “‘Log Periodic Dipole Arrays,” JRE Transactions on Antennas 
and Propagation, AP-8, 260—267 (May 1960). 
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It consists of a number of dipoles of different length and spacing, fed 
by a two-wire line that is transposed between each adjacent pair of 
dipoles. The array is fed at the small end of the structure, and the 
maximum radiation is toward this end. The lengths of the dipoles 
and their spacing are graduated in such a way that certain dimensions 
of adjacent elements bear a constant ratio to each other; these are 
the quantities designated R and /in Fig. 7-11. That is, if this design 
ratio is designated by + (a number less than one), then 
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It is apparent that these conditions cause the ends of the dipoles to 
lie along straight lines that meet at an angle designated «. It is a 
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Figure 7-12. Typical behavior of log-periodic antenna input impedance. 


characteristic of the frequency-independent antennas that certain 
aspects of their structures can be specified in terms of an angle or 
angles. 

The result of these structural conditions is that if a plot is made of 
the input impedance as a function of frequency, the variation will be 
found to be repetitive. If the plot is made against the Jogarithm of 
the frequency, rather than the frequency itself, this variation will be 
periodic—that is, the impedance will go through cycles of variation 
in such a way that each cycle is exactly like the preceding one. A 
typical plot is shown in Fig. 7-12. It is this behavior that gives rise 
to the name “log periodic”; the impedance is a logarithmically 
periodic function of the frequency. (It is not implied, however, that 
the variation is necessarily sinusoidal.) Moreover, all the electrical 
properties of the antenna undergo a similarly periodic variation. In 
particular, the radiation pattern varies in this way, along with such 
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parameters as the directive gain, beamwidth, side-lobe level, and 
beam direction. 

If the structure defined by Eq. 7-1 were extended all the way to the 
apex, that is, to the vertex of the angle a, and also indefinitely in the 
other direction, this periodicity would extend to zero frequency in 
one direction and to infinite frequency in the other. Of course 
neither of these extensions is physically possible, because the exten- 
sion to zero frequency (infinite wavelength) would require an in- 
finitely large structure, whereas extension to infinite frequency (zero 
wavelength) would require a structure of microscopic fineness at the 
apex; and the transmission line feeding it would have to be of 
infinitesimal conductor size and spacing—an obvious impossibility. 
Therefore, the structure must be terminated at some point in each 
direction, and these points determine high and low cutoff frequencies, 
beyond which the log-periodic property does not extend. 

This periodicity does not by itself insure that the antenna will be 
broad-band. But if the impedance and pattern variation over one 
cycle of the periodic variation can be made sufficiently small, so that 
some bandwidth criterion is satisfied, the same criterion will be 
satisfied over all periods. The requirement, therefore, is to find 
structural patterns that do provide the necessary behavior over one 
log-periodic cycle. The possible bandwidth is then limited only 
by the number of cyclic structures employed in the antenna. Fortu- 
nately, many such structural patterns have been found. 

The magnitude of the log-frequency periods is determined by the 
design ratio, 7, and is in general of magnitude log (1/7).* That is, 
if two successive maxima of the impedance or pattern variation 
occur at frequencies f, and fg, it will be found that they are related by 
the formula 


log fz — log f; = log!2 = log ~ (7-2) 

f 1 ch 
from which it follows that f2/f, = 1/7, or fi = zfg. Therefore, if 
the log-periodic antenna has certain measured properties (e.g., 


impedance, gain) at any particular frequency /, it follows that it will 


* In certain cases the impedance (but not the pattern) may vary with a period 
half as large (that is, with period 4 log (1/7)). But these cases do not violate 
Eq. 7-2, since a variation with periodicity 4 log (1/7) is also periodic with 
period log (1/7). 
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have exactly the same properties at frequencies 7zf, 7?f, 73f, and so on, 
and also at f/7, f/7, f/7°, ..., provided that these frequencies are all 
within the cutoff limits. 

The word “exactly” in the foregoing statement applies only if the 
structural scaling by the design ratio 7 is exact and is applied to every 
detail of the structure. For example, in the antenna of Fig. 7-11 
not only the dimensions R and / must be scaled but also the sizes of 
the conductors. If, for example, the dipoles are made of tubing, the 
tubing must be of properly increasing thickness as the distance from 
the apex of the structure increases. The width of the gaps at the 
dipole centers must also increase. However, these relatively minor 
factors can be ignored without serious effect if the overall bandwidth 
(ratio of maximum to minimum cutoff frequencies) does not exceed 
about 10:1. 

When a log-periodic antenna is fed at a particular frequency, it is 
found that the radiation occurs from a certain portion of the struc- 
ture, and that other portions do not radiate. This “‘active’’ region 
of the antenna of Fig. 7-11 is the region in which one or more of the 
dipoles is nearly half a wavelength. The cutoff frequencies are 
those at which the shortest and longest dipoles are approximately 
half a wavelength. Thus the active region of the antenna is near the 
apex for the highest frequencies radiated, near the large end for the 
lowest frequencies, and at intermediate positions for frequencies in 
between. This behavior may also be expressed by saying that the 
phase center of the antenna progresses from the large end to the small 
end as the frequency goes from minimum to maximum of the band- 
width range. (The phase center of an antenna and its significance 
in reflector and lens feed radiators were discussed in Sec. 6-3.) 

Log-periodic antennas may be either unidirectional or bidirec- 
tional in their pattern characteristics. The bidirectional types are 
characterized by two active regions that move apart as the frequency 
is decreased; in these types the phase center remains fixed and 
coincides with the feed point. 

For the antenna of Fig. 7-11 typical values of the design ratio and 
apex angle are 7 = 0.7 and « = 30°. For any given value of a, 
there is a minimum permissible value of 7 (which is always a number 
between 0 and 1). Larger values of « and smaller values of 7 go 
together and result in more compact design for a given bandwidth. 
On the other hand, smaller values of « and larger values of 7 result in 
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improved performance—smaller variation of impedance and pattern, 
and higher gain, at the cost of a larger structure. The reason for this 
effect may be intuitively understood by realizing that for small «a and 
large 7, at any given frequency, there are more dipoles of nearly 
half-wavelength; hence the active or radiating region of the antenna 
encompasses more dipoles than for large a and smaller 7. As is 
always true, the gain increases with the number of radiating elements 
and with the size of the radiating region. Also, the impedance and 
pattern variations are smaller because of the smoother transition in 
the configuration of the radiating region when it encompasses several 
dipole elements. 


Practical Log-Periodic Designs. As mentioned, numerous struc- 
tural forms have been found to be suitable for log-periodic antennas. 
Three representative ones are shown in Fig. 7-13. 

The wire-trapezoidal-tooth antenna (Fig. 7-135), frequently used 
as a moderately directive steerable (rotatable) HF communication 
antenna, is seen to have two arms or branches originating at the 
apex of the antenna. Each branch has a characteristic angle « that 
plays the same role in the antenna design as the angle a in the log- 
periodic dipole array (Fig. 7-11). The other angle, y, affects the 
directional characteristics. When y is 180 degrees, which it is for the 
trapezoidal-tooth structure shown in Fig. 7—13a, the radiation is 
bidirectional and perpendicular to the plane of the antenna. When 
y is an acute angle, the radiation is unidirectional and toward the 
apex of the structure. The dipole array, Fig. 7-11, at first glance 
does not seem to conform to these observations. It can be shown, 
however, that actually it is a specialization of the trapezoidal-tooth 
structure (Fig. 7-13a), in which the width of the teeth is reduced to 
nearly zero (as is also the angle £), and the angle y has been reduced 
from 180 degrees to zero. That is, the two branches have been 
folded over until they are in the same plane, but not in electrical 
contact. The wire triangular tooth antenna (Fig. 7—-13c) is another 
plane structure that results in a unidirectional pattern. 

A variation of the Isbell log-periodic dipole array, developed by 
Mayes and Carrel at the University of Illinois, employs resonant-V 
dipole elements instead of conventional straight dipoles, with the 
acute angle of the V toward the small end of the array (in the direc- 
tion of the beam). The dipole elements of this array operating as 
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Figure 7-13. Some practical log-periodic antenna designs. (a) Trapezoidal 
tooth structure. (5) Wire trapezoidal tooth antenna. (c) Wire triangular 
tooth antenna. 
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half-wave radiators provide a moderate bandwidth. Slightly 
beyond the upper limit of this basic band, the elements again become 
active in a 3/2-wavelength mode, and at still higher frequencies they 
operate in a 5/2-wavelength mode. The V configuration provides 
good directivity at the higher frequencies, and the multiple-mode 
operation provides a large operating bandwidth (as much as 20:1) 
in a relatively compact antenna. This design has come into wide 
use as a TV receiving antenna covering the entire spectrum from the 


Figure 7-14. Sketch indicating general nature of a conical logarithmic- 
spiral antenna. (A practical antenna would have a smaller pitch angle—i.e., 
more turns per unit length of cone.) 


lowest VHF channel (54 Mc) to the highest UHF (890 Mc). Other 
modifications of the Isbell array employ folded-dipole and folded- 
monopole elements (the latter being operated against a ground screen 
or the actual ground). 


Equiangular Log-Periodic Antennas. It has been noted that certain 
features of the structure of a log-periodic antenna may be specified in 
terms of an angle or angles. When the structure can be entirely 
specified in terms of angles, it is found that the impedance variation 
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is very small over the log-periodic frequency cycle. Hence it is 
highly desirable to use structures that meet this criterion. An 
example of such a structure, the conical spiral antenna shown in 
Fig. 7-14, is characterized by the half angle of the cone, 8, and by 
the angle « that the spiral makes with a circumference, or its comple- 
ment that the spiral makes with a radial line from the apex. There 
are two interleaved spiral conductors lying on a conical (nonconduct- 
ing) surface. Each spiral is connected at the apex to one side of the 
feed line. The radiation is unidirectional, going in the direction 
toward which the apex of the cone points, and is polarized ellipti- 
cally, becoming virtually circularly polarized for large values of 7. 


Feed 
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Figure 7-15. Triangular sheet self-complementary structure. 


Self-Complementary Antennas. As mentioned in Sec. 4-8, a certain 
relationship exists between the patterns and impedances of comple- 
mentary antennas (e.g., a “‘flat’”’ dipole in free space and a slot of 
the same size and shape in an infinite conducting plane). H. G. 
Booker of Great Britain showed, in 1946, that if an antenna consisting 
of both conducting-sheet elements and openings between them (e.g., 
slots) can be so configured that the conductors and the open spaces 
are of identical shape and size, its input impedance is independent of 
frequency. An antenna having this geometric property is called 
self-complementary. The test of self-complementarity is that if the 
conductors are replaced by open spaces and the open spaces by 
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conductors, the appearance remains the same except for a rotation 
through an angle. 

A simple example of a self-complementary structure is a pair of 
triangular sheets, as in Fig. 7-15, of 90-degree flare angle. The 
spaces between them will of course also have 90-degree flare angles; 
thus if the sheets are replaced by spaces and the spaces by sheets, the 
structure is unchanged except for a rotation through 90 degrees. 
The self-complementarity holds only if the sheets extend to infinity; 


Input 
terminals 


Figure 7-16. Central portion of a logarithmic-spiral self-complementary 
antenna. Shaded portions are sheet metal. Note that rotation of the figure 
through 90° carries the shaded portions into the clear areas and vice versa and 
rotation through 180° leaves the figure unchanged. 


therefore, this arrangement does not constitute a practical self- 
complementary antenna. It is shown here solely to explain the self- 
complementarity principle. 

If the log-periodic principle is combined with the self-comple- 
mentary principle, the structure need not extend to infinity since it is 
only necessary for self-complementarity to exist in the active regions 
of the structure. A sheet-logarithmic-spiral structure, shown in 
Fig. 7-16, which is also an equiangular structure, can be made self- 
complementary. It provides bidirectional circularly polarized radia- 
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tion in directions perpendicular to the plane of the sheet, with excel- 
lent impedance characteristics; that is, the impedance is virtually 
constant over the frequency range between the log-periodic cutoff 
points. Other self-complementary designs have also been devised. 
The impedance of a two-terminal self-complementary antenna, 
according to Booker’s principle, is 607 (about 189) ohms. (It is also 
possible to have structures of more than two terminals, i.e., with 
more than twofold angular symmetry, and such structures have other 
values of impedance.) 

This discussion of frequency-independent antennas has presented 
the elementary principles and some of the highlights of current 
designs. Such antennas are practical in the frequency region of 
perhaps 10 Mc to 10,000 Mc. The theory and practice are in rela- 
tive infancy, although great strides have been made. 


7-3. Antennas for Circular Polarization 


An antenna that will radiate and receive circularly polarized 
waves may be required in some applications. This is especially 
true in uses involving transmission through the ionosphere at fre- 
quencies where the ionosphere may produce rotation of the wave 
polarization (Faraday effect). This may occur, for example, in 
communication or radar transmission between the earth and an 
artificial satellite, or other spacecraft. The rotation produced is a 
complicated function of the ionospheric electron density (which 
varies from day to night), the wave frequency, and the orientation 
and strength of the earth’s magnetic field at the particular latitude 
and longitude involved. Thus the polarization that will arrive at a 
receiver from a linearly polarized transmitting antenna may be prac- 
tically unpredictable, even though it can be calculated if the electron 
density and earth’s field are known. If it happens that the polariza- 
tion is rotated just enough to put it at 90 degrees with respect to a 
linearly polarized receiving antenna, no signal will be received. This 
is the extreme case; for other angles of rotation, the signal strength 
(power) will be reduced to a fraction equal to the square of the cosine 
of the angle between the wave polarization and the receiving antenna 
polarization. These effects occur in the frequency range of, roughly, 
10 to 1000 Mc, although ordinarily not above about 500 Mc in 
daytime and perhaps 100 Mc or less at night. 


326 Antennas with Special Properties Ch. 7 


If either the transmitting or the receiving antenna is circularly 
polarized (i.e., transmits or receives circularly polarized waves), 
signal reception is possible regardless of polarization rotation by 
the ionosphere. Circular polarization is also desirable in certain 
radar and communications applications at higher frequencies. 

A number of methods exist for producing circularly polarized 
radiation or reception by an antenna. Some of them have already 
been mentioned in connection with the description of specific 
antenna types, for example, the helix (Sec. 4-6) and the log-periodic 
spirals (either conical or plane). 

An important method of achieving circular polarization is the use 
of two dipoles arranged to form a cross, that is, with their centers at 
the same point and their axes at right angles to each other. Ifa 
transmission line connects directly to the center of one of them, and 
if the two dipole-center feed points are joined by a quarter-wave line 
section, there will be a 90-degree phase delay between the currents 
in the two dipoles in accordance with Eq. 2-23, Chapter 2, provided 
that the length of each dipole is adjusted to make its input impe- 
dance nonreactive. The pair of dipoles will thus radiate two linearly 
polarized waves at right angles to each other with 90-degree phase 
difference. As stated in Sec. 1-1, this combination produces an 
elliptically polarized wave, or if the two linear-polarization ampli- 
tudes are equal it results in a circularly polarized wave. The two 
amplitudes will be equal in the two directions perpendicular to the 
dipole axes. Thus in these directions the radiation will be circularly 
polarized and also will have maximum power density. In the plane 
of the two dipoles, the radiation will be linearly polarized and of 
somewhat reduced power density. In this plane the radiation will 
be almost (but not quite) uniform in all directions, that is, throughout 
360 degrees. In all other directions the radiation will have varying 
degree of ellipticity, going from circular on the perpendicular axis to 
linear polarization in the plane of the dipoles. 

This arrangement of dipoles and the feed system is shown in Fig. 
7-17. It is an especially important arrangement for two reasons. 
First, it is a basic method of producing circular polarization. The 
pattern in this polarization is bidirectional but can readily be made 
unidirectional by placing a reflector behind the dipoles, or combining 
several pairs in an end-fire array (with the cross-dipole planes 
perpendicular to the line of the array). Second, it is useful when 
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approximately uniform radiation is desired in a horizontal plane 
with horizontal polarization. 


%-wavelength loop 


of line (from AA to BB) 
Dipoles 


Two-wire 
transmission 
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Line 
input 


Figure 7-17. Arrangement of crossed dipoles for radiation of circular 
polarization (turnstile antenna). 


This configuration is known as a turnstile antenna. To provide 
increased gain in the horizontal plane and to reduce or eliminate the 
circularly polarized upward and downward radiation, several turn- 
stiles can be stacked vertically and fed in broadside-array fashion. 
This arrangement is much used for television and FM broadcasting, 
using broad-band dipoles. When a particular form of slotted-sheet 
dipole is used, the arrangement is known as the superturnstile anten- 
na, as was mentioned in the discussion of broad-band dipoles (see 
Fig. 7-9). The quarter-wave phase-delay line section, if this 
phasing method is used, should be arranged to produce as little 
obstruction as possible of the radiated fields and also to have as little 
capacitive or inductive coupling to the dipoles as possible. 

It is also possible to produce the necessary 90-degree phase dif- 
ference by separately feeding each dipole from a common source 
with parallel lines whose lengths differ by a quarter wavelength, 
provided that both lines are matched by the dipole impedances (no 
standing waves). The necessary phase shift between the dipoles can 
also be obtained by using lumped-circuit elements (coils and con- 
densers). When the quarter-wavelength phasing section is used, it 
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will also act as an impedance transformer in accordance with Eq. 
2-22, unless its characteristic impedance is equal to that of the dipole 
input impedance. Care must be taken, in designing the feed system, 
that the impedance relationships are such as to feed equal power to 
each dipole and to provide a proper impedance match to the main 
feed line. 

The required 90-degree phasing and equal power division can 
also be furnished by a certain type of four-port hybrid ring coupler. 
The ring is, unlike the one of Fig. 2-18, Chapter 2, one wavelength 
in circumference with the ports equally spaced a quarter-wavelength 
apart. Alternate quarter-wave segments of the ring have different 
characteristic impedances. Details of the design of this type of 
coupler are given by Zabel.* 

Circular polarization can also be obtained with a horn radiator, 
either with a square waveguide and a square-aperture pyramidal 
horn, or a circular waveguide and a conical horn. In either case, 
the requirement is to excite a circularly polarized mode of propaga- 
tion in the waveguide. This can be done in a variety of ways. A 
common way is to introduce both polarizations into a rectangular 
waveguide, by means of in-phase probes (Fig. 2-15, Chapter 2) 
in two adjacent walls. Because of the rectangularity of the guide, 
the two mutually perpendicular polarizations will have different 
phase velocities. The length of the rectangular guide (measured 
from the probe position) is made just long enough to result in a 
90-degree phase difference between the two polarizations at the 
guide output. 

A horn or other radiator with circularly polarized radiation can 
be used to illuminate a paraboloidal reflector to produce a high- 
gain circularly polarized beam. Pyramidal horns that are not square 
can be used to illuminate noncircular apertures, but special methods 
must be used to compensate for the differences in phase velocities 
of the two polarizations in the horn flare (since the flares are dif- 
ferent for the different polarizations). Lenses can also be used with 
such horns if the refracting medium is capable of passing both 
polarizations with the same phase velocities. 


* C. W. Zabel, in Chapter 8 of Microwave Duplexers, Vol. 14 of MIT Radiation 
Laboratory Series (Smullin and Montgomery, editors), McGraw-Hill, New 
York, 1948, pp. 367-369. 
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A linearly polarized wave can be directly converted to circular polar- 
ization by means of special transmission or reflection devices. An 
example of such a transmission medium is a set of straight parallel 
vanes or plates with their planes parallel to the direction of propaga- 
tionand their directioninclined at 45 degrees to the linear polarization, 
so that the wave in the regions between the plates can be con- 
sidered to have two mutually perpendicular components, one parallel 
to the plates and one perpendicular to them. The latter compo- 
nent will travel through the region at free-space velocity, but the 
former will have a phase velocity that is determined by the plate 
spacing, according to the principle of the metal-plate waveguide lens 
(except that the boundary surfaces of the parallel-plate region are 
flat, or plane, instead of curved). If the thickness of this “lens” 
is properly chosen, the two component waves can be caused to have a 
90-degree phase difference and the wave that emerges will be circu- 
larly polarized. This device is known as a “quarter wave plate,” 
since it produces a quarter-wavelength effective path difference for the 
two polarizations. A reflecting device that accomplishes the same 
result can be constructed by using a similar set of vanes of half the 
depth, backed by a plane reflector. 

Circularly polarized high-gain arrays can be constructed by using 
crossed dipoles as the radiating elements, fed as previously described, 
or by using helixes, pairs of slots, or circularly polarized horns. 
Cross-polarized Yagi-Uda arrays, fed 90 degrees out of phase, 
may also be used. Similarly, pairs of unidirectional log-periodic 
antennas can be used, such as the wire-trapezoidal-tooth antenna of 
Fig. 7-135, with a ‘“‘staggered”’ arrangement of the teeth so that the 
two polarizations are radiated with 90-degree phase difference at all 
frequencies within the bandwidth range. 

Many other forms of circularly polarized antennas are possible. 
The types that have been described serve to indicate the general 
principles. 

As mentioned in Sec. 1-1, circular polarization is characterized as 
“right hand” or “‘left hand”’ according to whether the electric vector 
is rotating clockwise or counterclockwise, respectively, as viewed 
from the source. Which of these senses of circular polarization will 
be radiated by a given antenna depends on whether the phases of the 
orthogonal dipoles or fields Jead or lag each other by 90 degrees. 
Moreover, if a given circularly polarized antenna is connected to 
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receive a given sense of circular polarization, it will reject signals of 
the opposite sense. Therefore, to be able to receive signals of both 
senses, an antenna should be connected to two receivers with dif- 
ferent phasings, one appropriate for one sense and one for the other. 
The above-mentioned four-port hybrid ring coupler is especially 
convenient for this purpose; the desired result is accomplished by 
connecting the antenna elements to two of the ports and the two 
receivers to the other two ports. 

A radar that transmits circularly polarized waves will receive from 
symmetrically reflecting targets echo signals that require the receiving 
connection to the antenna to be phased in the sense opposite to the 
transmitting connection. For many types of complex targets, 
however, the reflected waves will contain both circular-polarization 
senses. This fact can be used to allow receiving echo signals from a 
desired unsymmetrical target (e.g., an airplane) while rejecting those 
from areas of rainfall, since the raindrops reflect in the symmetrical 
manner. 


7-4. Omnidirectional Antennas 


Much of the emphasis in antenna theory and practice is on 
increased directivity, which improves the system performance in any 
point-to-point radio application. Narrow beamwidth allows dis- 
criminating (on reception) against interfering signals from directions 
other than that of the desired signal, and on transmission it mini- 
mizes interference with receiving stations in other than the desired 
direction. The concomitant antenna gain improves the signal 
strength in the desired direction. 

Nevertheless in some applications a narrow beam is undesirable. 
In entertainment broadcasting and in certain forms of communi- 
cation an omnidirectional horizontal pattern is required. In un- 
stabilized-spacecraft applications three-dimensional omnidirec- 
tionality may be desired. 

Omnidirectionality in a plane is fairly simple to obtain. For 
example, a vertical dipole or monopole has an omnidirectional 
pattern in the horizontal plane, with vertical polarization. If 
horizontal polarization is required, the turnstile antenna that has 
been described will give a fairly uniform omnidirectional pattern; 
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these can be arrayed vertically to give a narrow vertical beamwidth 
and corresponding gain, as is commonly done for TV and FM 
broadcasting. At still higher frequencies the biconical horn can be 
used for either vertical, horizontal, or even circular polarization with 
proper excitation. At the lowest frequencies, of course, only vertical 
polarization is practical for horizontal-plane applications above a 
conducting earth. 

A truly omnidirectional antenna in the three-dimensional sense is 
not possible to achieve, even theoretically, as was mentioned in the 
discussion of the concept of an isotropic radiator, in Sec. 1-1 and 
3-3. Such an antenna is usually desired for installation on an 
unstabilized spacecraft, so that even though it may spin or tumble it 
will always radiate toward the earth. 

On artificial satellites or spacecraft that are not large in comparison 
with the wavelength, the simple turnstile antenna (Fig. 7-17) works 
quite well. Its nearly omnidirectional properties in the plane of the 
dipoles have already been mentioned in Sec. 7-3, as has also the 
fact that in directions other than in this plane it radiates elliptically 
polarized waves, becoming circularly polarized on the axis perpen- 
dicular to the antenna plane. The polarization is anything but 
uniform over the entire pattern, but if the antenna on the earth end 
of the circuit can receive circular polarization of both senses, there 
will always be some signal of proper polarization for reception. 
This antenna has been used successfully on artificial earth satellites 
of diameters up to a few feet at frequencies up to about 150 Mc 
(wavelength 2 meters, or about 6 feet). Each dipole is mounted so 
that each half projects radially from the surface of the satellite, 
that is, the body of the satellite occupies the space between the 
two halves of the dipoles. This fact does not seriously modify 
the turnstile performance as long as the satellite is not too 
large and if its surface is fairly “clean’’—uncluttered by sizable 
projections. 

At very much higher frequencies the problem is more difficult, 
because of the larger size of the satellite in relation to the antenna 
size. One practical solution is to do away with the need for omni- 
directional radiation by stabilizing the satellite or spacecraft. (On 
some spacecraft this has been done so that a directional antenna, 
aimed at the earth, can be used.) Otherwise, it is necessary to place 
individual radiators at a number of points around the surface of the 
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vehicle so that at least one of them will be on the side toward the earth 
at all times. At sufficiently high frequencies these radiators may 
take the form of slots in the metal skin of the vehicle. 


7-5. Electrically Small Antennas 


In some circumstances it is impossible to accommodate an antenna 
of sufficient size to have appreciable gain and high efficiency, owing 
to limitations of space or cost. This situation occurs most often at 
low frequencies, where an antenna of wavelength dimensions is 
extremely large. Then it becomes important to consider antennas 
that are physically and electrically small. The emphasis of the dis- 
cussion is on their electrical smallness, since mere physical smallness 
does not by itself make an antenna unusual. An electrically small 
antenna is one that is small compared to the wavelength. 

Some basic forms of electrically small antennas have already been 
discussed in Sec. 4-1 and 4~5—the short dipole and the small loop. 
Their inefficiency was noted, particularly in connection with the use 
of vertical grounded antennas for transmitting at LF and VLF. 
These are actually monopoles or half dipoles operated in conjunction 
with their ground-reflection images. They may sometimes be 
several hundred feet high, yet they are electrically small because the 
wavelength may be several thousand feet. Their inefficiency is due 
to a combination of factors. The radiation resistance is very low, 
so that a high current is required. At the same time the input impe- 
dance includes a high capacitive reactance. If the required high 
current is to be obtained with a reasonable generator (transmitter) 
rf voltage, this capacitive reactance must be tuned out with a large 
series inductance (coil). The coil, in turn, has some resistance, in 
which appreciable loss can occur due to the heavy current. The 
heavy current also flows into the ground so that further losses will 
occur unless the ground conduction is excellent. 

There are various means of reducing these losses. Capacitive 
top loading is used to increase the radiation resistance, thus lowering 
the current required for a given radiated power. Extensive systems 
of buried wires are used to increase the effective ground conductivity. 
Loading coils (tuning inductors) are made of large conductors to 
reduce resistance. These measures are necessary when the electri- 
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cally short, grounded antenna is used for transmitting. Conse- 
quently, at higher frequencies where efficient antennas may be of 
reasonable size, electrically small antennas are not generally used in 
transmitting applications. 

There are times, at the low and medium frequencies especially, 
where electrically small antennas may be necessary for receiving. 
Moreover, it is fortuitous that in receiving applications at these 
frequencies the antenna efficiency may be unimportant, so that the 
electrically small antenna may function very effectively. This may 
seem to be a contradiction of the “‘reciprocity” that has been ascribed 
to antennas in their transmitting and receiving behavior, but it really 
is not. The reciprocity principle is correct and does hold for elec- 
trically small antennas as long as only the radiated and received 
signal is considered. In reception, however, the important considera- 
tion is the signal-to-noise ratio. 

The electrically small antenna of low efficiency may be effective 
when the alternative is a larger antenna of about the same directivity, 
and when the predominant noise is external, that is, enters the receiver 
via the antenna. These circumstances occur primarily at frequencies 
below about 10 Mc. The predominant noise is atmospheric static, 
and high-directivity antennas are usually out of the question, espe- 
cially below 2 or 3 Mc. Thus the alternative antennas may be a tall 
tower, possibly top-loaded, or a very much. shorter vertical mono- 
pole. The patterns, and hence the directivities, will be practically 
the same in either case. The only difference will be in the efficiency 
(the factor k defined by Eqs. 3-14, 3-26, and 3-27 of Chapter 3), 
and it can be shown that, within wide limits, this will not affect the 
signal-to-noise ratio under the stated conditions.* 

Very common examples of electrically small antennas are those 
used for reception in the broadcast band—550 to 1600 kc (approxi- 
mately 200 to 600 meters wavelength, or about 600 to 1800 feet). 
As is well known, a short random length of wire serves very well as an 
antenna for local reception, and at night even distant reception is 
possible. Automobile radios typically use a short vertical mono- 
pole, 3 to 6 feet long, or about 0.01 wavelength or less. Small 


* This fact was brought to the author’s attention by J. H. Dunlavy in an 
excellent presentation to the Washington, D.C., IEEE Group on Antennas and 
Propagation, Dec. 15, 1964. 
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‘“‘table radios” and also some larger sets often have built-in small- 
loop antennas that are resonated by means of a parallel variable 
condenser; the combination then serves as the tuned input circuit of 
the receiver rf amplifier. The ultimate in smallness is the tiny 
“ferrite rod” antenna used in transistor pocket portable radios. 
This antenna is actually a small-diameter elongated coil wound on a 
rod of ferrite material a few inches long, connected in parallel with 
the rf amplifier tuning condenser; it thus serves as a combination 
antenna and tuned circuit as does the somewhat larger loop antenna 
of the table radio. The ferrite core increases the rf flux in the coil. 
It also allows the necessary inductance to be obtained with relatively 
few turns of wire so that the resistance is kept low; hence the coil Q 
is high. Consequently both the induced voltage and the selectivity 
of the circuit are greater than with an air-wound coil of the same 
size. 

Electrically small loop antennas are also very commonly used for 
receiving at MF, LF, and VLF, again because efficiency is not impor- 
tant. Also, since the wave polarization is always vertical at the low 
frequencies (below 2 Mc), advantage may be taken of the nulls that 
occur in the directions perpendicular to the plane of the loop, to 
eliminate interfering signals from a particular direction, if the loop is 
made rotatable. 

Sometimes an electrically small antenna may be desirable for trans- 
mitting at frequencies where a quarter-wavelength vertical antenna 
would be possible but fairly expensive and perhaps inconveniently 
large. A “short monopole” antenna will, in this case, have just as 
good directivity, but the radiation resistance will be very low so that 
the efficiency may be poor. A method of improving the efficiency, 
which has been incorporated in a number of commercial designs, 
is the use of a resonant top-loading structure. In effect, the antenna 
consists of a short vertical section that radiates (with vertical polari- 
zation) and a horizontal section that is nonradiating (because of 
cancellation due to ground reflection) but is of sufficient length, 
inductance, and capacitance to make the entire structure resonant. 
That is, the input impedance is nonreactive and the radiation resis- 
tance is much higher than it would be for a monopole without top 
loading. A metallic ground plane is also employed. Therefore 
such antennas may be reasonably efficient even though electrically 
small. 


Sec. 7-6 Direction-Finding Antennas 335 


7-6. Direction-Finding Antennas 


The term direction finding has a special and a general sense. In 
its special sense it refers to the process of determining the direction 
of arrival of a signal from a distant source purely by means of receiv- 
ing equipment connected to a directional antenna system. In the 
more general sense it may include systems that transmit as well as 
receive (e.g., radars). The term is used here in the general sense. 
The subject is very large, but all that will be attempted here is a brief 
sketch of the antenna types and techniques, since the basic operation 
of the antennas has already been covered in Chapters 4, 5, and 6. 


Low-Frequency Null Systems. The term passive is applied to systems 
or devices that function only when acted upon by an external signal, 
as opposed to active systems that generate their own signals. Direc- 
tion finders at low frequencies (LF and VLF) are generally passive. 
They are used as aids to navigation and for locating the sources of 
unidentified signals, for various purposes. They almost always 
utilize a null indication, that is, the direction of minimum signal 
(ideally, zero) is determined, rather than maximum. 

Multiturn small-loop antennas are customarily used. Since the 
wave polarization at LF and VLF is always vertical, the plane of the 
loop is vertical, and provision is made for rotating it about a vertical 
axis. The loop pattern in a horizontal plane is then like that of the 
short horizontal dipole (Fig. 4-4, Chapter 4), with nulls in the direc- 
tions perpendicular to the plane of the loop. Therefore there is a 
180-degree ambiguity of the measured direction. This ambiguity 
may be resolved by employing in conjunction with the loop a short 
vertical monopole located nearby (a negligible distance away in 
terms of the wavelength). The null direction is first found with the 
monopole disconnected. Then its output is connected to the receiver 
so that it adds to the loop voltage, but with a 90-degree phase delay 
introduced by inductive reactance. The effective pattern of the loop- 
monopole combination is an asymmetrical cardioid rather than the 
symmetrical pattern of the loop alone, and by rotating the loop for 
maximum signal with the monopole connected it can be decided 
which of the two null directions, observed with it disconnected, is the 
true direction of the incoming signal. This type of direction finding 
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is subject to errors from many causes, and numerous techniques have 
been devised for minimizing them. 

At somewhat higher frequencies, the ionosphere can produce 
appreciable horizontally polarized signal components that tend to 
“fillin” the pattern nulls of a loop and destroy the direction-finding 
accuracy. The Adcock antenna can overcome this effect. It con- 
sists of two vertical dipoles or monopoles spaced a quarter wave or 
less apart and connected to the receiver input with opposite polarity 
so that nulls occur in the directions perpendicular to the plane ofthe 
dipoles (as in the patterns of the right-hand column of the top row 
of Fig. 5-3, Chapter 5). The pattern is essentially the same as that 
of a loop, but the antenna is insensitive to horizontal polarization. 
The null ambiguity can be resolved by the use of an additional 
(third) dipole or monopole, just as for the loop. 

By using two fixed vertical loops at right angles to each other 
(crossed loops) in conjunction with a goniometer, the signal direc- 
tion can be determined without rotating the loops. Instead, a 
movable coil in the goniometer is rotated. This method permits the 
use of larger loops and also permits locating them at a distance 
from the receiver, with transmission-line connections. Crossed 
Adcock antennas can also be used with a goniometer. 


Beam-Maximum Systems. At the higher frequencies—VHF and 
above—it is more practical to employ an antenna with a very narrow 
directional beam, and to determine the signal direction by rotating 
the antenna until a signal maximum is observed. This is the tech- 
nique used for ordinary radar direction finding. Radar antennas are 
usually rotatable, or the beam may be pointed in some manner. 
Beamwidths as small as one degree or even less can be used, although 
at the VHF radar frequencies beamwidths of 10 to 20 degrees are 
more common. The antennas may be arrays, parabolic reflectors, 
or lenses. In special cases other antenna forms may be used, such as 
surface-wave antennas. They may be mechanically steerable in both 
elevation angle and azimuth angle. Beam steering by varying the 
phasing of an array has come into increasing use for direction 
finding. 


Lobing Antennas. When a narrow beam is “scanned”’ through the 
direction of an incoming signal, the location of the maximum direc- 
tion can be determined to within some fraction of the beamwidth. 
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By employing optimum techniques this fraction can be made fairly 
small. It is about one tenth of the beamwidth for a radar system 
employing simple visual observation of the signals on a cathode-ray- 
tube indicator. Even with optimum processing, however, the ac- 
curacy is limited by the fact that the “nose” of a beam is blunt, 
rather than sharp. 

A method of measurement that circumvents this difficulty has 
been devised for use when extreme accuracy is required, as in weapon- 
pointing radars—the method of lobe comparison, or lobing. In 
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Figure 7-18. Patterns of a lobe-comparison antenna. 


this method, the beam is shifted, without moving the antenna asa 
whole, by equal fractions of a beamwidth in both directions from 
the nominal beam direction. This beam shifting can be done either 
in rapid time sequence (sequential lobing) or by generating two 
beams at the same time (simultaneous lobing). The patterns of the 
two beams then overlap, as shown in Fig. 7-18. The theory of 
operation can be described by considering signals arriving first from 
point A, and then from point B. 

The antenna output in the simultaneous-lobing case is connected 
to two receivers, one of which receives the difference of the signals 
from the two lobes, whereas the other receives the sum. If the signal 
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is coming from A, there will be no difference signal, since the ampli- 
tudes of the two lobes are equal. If the signal is coming from B 
(an “‘off axis” direction), there will be a difference, or error, signal, 
as shown by the fact that the dashed line crosses the two lobe patterns 
at different levels. The sense (direction) of the error is found by 
comparison of the phases of the sum and difference signals in special 
receiver circuits that convert the error signal into a d-c voltage; 
the polarity of this voltage will reverse as the signal direction changes 
from right-of-center to left-of-center. The sum signal is also used, 
in radar systems, for signal detection and range measurement. In 
the sequential-lobing scheme the output of the single receiver is 
switched between two display devices, or two positions on a cathode- 
ray-tube display, so that the output amplitudes can be compared. 

It is apparent that the “difference pattern” of the two lobes (the 
difference of the pattern amplitudes plotted as a function of angle) 
will be very sharp, rather than blunt like the nose of alobe. Because 
of this fact the accuracy possible by lobing is much greater than by 
simply observing the maximum direction of a beam. 

The two displaced beams can be generated in a number of ways. 
With an array antenna, changing the phasing of the elements will 
produce the desired result. With a paraboloidal reflector or lens 
antenna, the beam may be shifted in the desired manner by moving 
the feed slightly off the optical axis, as shown in Fig. 6-35, Chapter 
6. Ina sequential lobing system this shift may be made by mechani- 
cally moving the feed off axis first in one direction, then in the oppo- 
site direction, at a rapid rate. In either a sequential or a simul- 
taneous lobing system, two feeds may be used, each displaced a small 
amount from the optical axis, in opposite directions. In the simul- 
taneous lobing system both feeds are connected to the receiver 
through a hybrid junction (coupler) (Sec. 2-6) so that a difference 
(error) signal is received. For sequential lobing, the receiver is 
switched between the lobes. 

Thus far lobing only in one plane has been discussed. It may be 
desired, however, to measure the incoming signal direction in two 
mutually perpendicular planes, for example, vertically and horizon- 
tally. This can be accomplished by generating four lobes—left, 
right, up, and down with respect to the nominal beam axis. Witha 
paraboloidal reflector or a rotational lens this requires four fixed 
feeds. A typical arrangement of four horns is shown in Fig. 7-19. 
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Their waveguide outputs are combined by means of hybrid junctions 
in such a way that one receiver is fed the difference between the sig- 
nals of the upper and lower pairs, and another the difference between 
the left and right pairs. A third receiver is fed the sum of all four 
horns. 

The sequential-lobing equivalent of the four-lobe simultaneous 
system is accomplished by moving a feed (of a reflector or lens) in a 
circle around the zero axis. The beam direction then sweeps out a 
cone about this axis. This method is called conical scanning. It is 
most feasible with small microwave antennas, where the required 
mechanical motion is not very great. 


Four-horn 
feed cluster 


Paraboloidal 


Zero axis of reflector 


four-lobe <—— 
pattern 


To hybrid 
junctions 


Figure 7-19. Four-horn simultaneous-lobing (monopulse) feed for para- 
boloidal reflector. 


The simultaneous-lobe-comparison method, when used in a pulse 
radar system, is known as monopulse lobing, since the signal ampli- 
tudes can be compared on a single-pulse basis; the sequential- 
lobing system requires at least two successive pulses for its operation. 
The method that has been described is also called amplitude mono- 
pulse, since it is based on comparing the signal amplitudes in two 
angularly displaced lobes of a single antenna. Another method, 
phase monopulse, uses two or four antennas placed side by side, with 
their beams pointing in the same direction but with their phase 
centers separated. If a signal arrives from an off-axis direction it 
will be received with equal amplitude in each beam but with a phase 
difference, which may be used to generate an error signal. When this 
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phase method is used with nonpulsed systems it is referred to as 
phase-comparison lobing or as an interferometer system. It is 
capable of greater accuracy with a given antenna size because the 
sharpness of the error response is determined by the separation of the 
antennas rather than by their individual beamwidths. The amplitude- 
comparison lobing system, on the other hand, is more compact and 
more readily steerable as a unit, for the same antenna gain and beam- 
width. 

In the phase-comparison or interferometer system, the interference 
pattern between the two beams becomes multilobed as the separation 
of the antennas is increased. The principle is identical to that of the 
interference between an antenna and its image in a reflecting surface, 
as discussed in Sec. 1-4 (see also Figs. 1-14 and 1-15). Therefore 
ambiguity can exist if the individual beamwidths are appreciably 
greater than the lobe widths, but the ambiguity can usually be 
resolved by one of a number of methods. This technique is used in 
VHF satellite tracking systems. Interferometers are also commonly 
used in radio astronomy applications. 

The amplitude lobing principle is also used in aircraft navigation 
systems and in instrument landing systems. In these applications 
the lobe pattern is transmitted from a fixed ground station and re- 
ceived by the aircraft receiver. (The receiving antenna need not 
have directional characteristics.) A null or equal-signal reception 
occurs when the aircraft is exactly on the prescribed course or glide 
path. The navigation system based on this method operates at LF; 
it has, however, been largely superseded by improved higher fre- 
quency systems that do not employ the lobing principle (e.g., the 
VOR or “‘omnirange”’ system, which uses a rotating antenna with a 
single-lobed pattern and special modulation of the signal that varies 
with direction). Typical landing systems operate at frequencies in 
the high VHF or low UHF region. 

Lobing is also used for passive direction finding at high frequencies, 
where it is superior to the loop or Adcock antenna methods. 


7-7. Scanning Antennas 


In some applications, especially radar, it is necessary to “‘scan”’ a 
directional beam through some angular sector—for example, around 
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the horizon (360°) or through the vertical angle sector from the 
horizon to the zenith (90°). Sometimes a more limited sector can be 
scanned in repetitive fashion, an extreme example being the conical- 
scan lobing system, which has been described in Sec. 7-6. Scanning 
in the horizontal plane is known as azimuth scanning; vertical-plane 
scanning is called elevation scanning. The two motions may some- 
times be combined when it is desired to scan a large solid angle with a 
narrow beam; typically, the azimuth scan is performed at a relatively 
slow rate and the vertical scan is a rapid saw-tooth motion, with at 
least one vertical sawtooth scan occurring during the time it takes for 
the azimuth scan to progress one beamwidth. (This insures that 
there will be no gaps in the scan coverage.) 

Azimuth scanning is often accomplished by simply rotating the 
entire antenna about a vertical axis at a constant rate. Typical 
speeds for radar antennas are | to 30 rpm, depending on the antenna 
size. An electric motor drive is usually employed. Thus the scan- 
ning action is accomplished without any special design features of the 
antenna itself. Limited sectors can be scanned with the antenna as a 
whole remaining stationary, either by moving the feed of a reflector 
or lens, or by varying the phasing of an array. These methods per- 
mit higher scanning speeds. In fact, when array phasing is electroni- 
cally controlled, the scanning speed is limited only by the length of 
time that the beam must dwell in a particular direction in order to 
accomplish its purpose (that is, to transmit or receive the desired 
signals, or both in the case of radar), by the length of time required 
for waves to travel the distance differentials involved in forming a 
wavefront (the “‘fill time” of the array), and by the response time of 
the beam-directing circuitry. All these times are usually of the 
order of milliseconds or less. (The fill time and the circuit-response 
time are usually measured in nanoseconds.) 

High-speed repetitive scanning of limited sectors is sometimes 
accomplished at microwave frequencies through the use of devices 
in which a reciprocating or sawtooth beam motion is produced by 
purely rotational mechanical motion of a feed or mirror. These 
devices often involve very ingenious combinations of specially 
curved reflectors and parallel-plate regions; typical examples are 
known as the Foster scanner and the Robinson horn scanner. 
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7-8. Low-Noise Receiving Antennas 


The principal criterion of performance in many radio systems is the 
signal-to-noise ratio in the receiver. Noise is always present at 
some level, and the signal level must usually be greater than the noise 
level for successful reception, although by special averaging or inte- 
grating techniques some types of signals may be detected or read even 
though their amplitudes are below the noise level. In all cases there 
is a minimum useful signal level that is expressed in terms of its ratio 
to the noise level. Consequently, it is important to keep the noise 
level as low as possible. 

Noise in radio systems is of various types and origins in different 
parts of the spectrum. In the frequency region below about 10 Mc 
the principal noise is usually “‘static,” which is generated in the 
atmosphere by lightning discharges and propagates for great distances 
by ionospheric reflection. It enters the receiver via the antenna along 
with the desired signal, and little or nothing can be done to minimize 
it. (A high-gain antenna will help by increasing the received signal 
while the received noise remains virtually unchanged. But at the 
very lowest frequencies, directive antennas are not feasible.) 

In some situations, especially in the HF through UHF regions, 
man-made noise from electrical machinery, appliances, power lines, 
and automotive ignition is the prime offender. Much of this noise 
tends to be vertically polarized and to be stronger closer to the 
ground. For the first of these reasons, horizontal polarization may 
be advantageous, and is therefore used for FM and TV broadcasting. 
It is also beneficial, in these frequency regions, to employ an elevated 
antenna connected to the receiver via a balanced or coaxial trans- 
mission line, so that all reception takes place well above the ground. 

From about 30 to 300 Mc, in the absence of man-made noise, 
cosmic noise predominates. This noise originates in the galactic 
system and is heard in audio-output receivers as a “hiss”? when the 
receiver gain is sufficiently high; on a radar A-scope it is called 
“grass,” and on a TV screen it is sometimes referred to as “‘snow.” 
These terms describe its approximate appearance. It is not seen or 
heard when a strong signal is received because the receiver gain is 
then reduced (usually automatically). Cosmic noise is, like static, 
unavoidable; it is received via the antenna along with the signal. 
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(A high-gain antenna is beneficial, however, because it increases the 
signal strength without increasing the noise. This is true because 
the signal comes from a single direction whereas the cosmic noise 
comes from virtually all directions of the sky.) 

The cosmic noise decreases with increasing frequency, so that 
above about 1000 Mc it is of negligible importance. Some noise is 
radiated by the earth’s own atmosphere, and by the ground. The 
atmospheric noise does not become significant until the frequency is 
about 3000 Mc or higher, and is not severe below about 10,000 Mc. 
The ground noise, on the other hand, is relatively constant at all 
frequencies. The result of all these effects is that there is a region 
of minimum noise between about 1000 and 10,000 Mc, with cosmic 
noise and static predominating at lower frequencies and atmospheric 
noise predominating at higher frequencies. (See also Sec. 8-9.) 

The foregoing discussion refers solely to noise that enters the re- 
ceiver via the antenna. Additional noise is generated within the 
receiver itself. Techniques exist, however, for reducing this internal 
noise to such a level that the system performance is largely deter- 
mined by the external noise, even in the low-external-noise frequency 
region. (Masers, parametric amplifiers, and tunnel diodes are the 
basis of especially low noise amplifiers.) When the predominant 
noise is the noise that enters from external sources, via the antenna, it 
is desirable to consider antenna designs that reduce the reception of 
noise relative to the received signal reception. 

In the frequency region (UHF and above) where the noise from the 
ground radiation is a significant portion of the total noise, certain 
aspects of the antenna design do affect the system noise level. As 
has been mentioned in Chapters 3, 5, and 6, directional antennas 
always have some side lobes and back lobes, through which some 
reception of ground noise can occur even when the main beam is 
pointed upward. Therefore, the objective in designing a low-noise 
antenna is primarily to reduce the level of these lobes as much as 
possible. It is especially important to do this when the antenna will 
be used for such applications as space communication, radar, or tele- 
metry with a low-noise receiver in the frequency range somewhat 
below 1000 Mc to somewhat above 10,000 Mc. 

The design techniques that minimize side and back lobes have 
been discussed in Sec. 5—7 and 6-3. There is, however, one further 
factor to be considered, namely, the ohmic losses between the waves 
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in space and the input terminals of the first amplifier of the receiver. 
Because noise will be generated by any loss that exists in this part of 
the system the length of transmission line or waveguide must be kept 
to a minimum. For this reason, arrays are not ordinarily used as 
low-noise antennas, even though their side-lobe and back-lobe 
characteristics can be controlled more readily than those of reflec- 
tors. The losses in a typical array feed system (especially if the array 
is large) may generate more thermal noise than would be avoided by 
total elimination of the side and back lobes. (Thermal noise genera- 
tion is discussed in Sec. 8-9.) The effect of these losses can be cir- 
cumvented, however, by placing a low-noise receiver-preamplifier 
at each element of the array, ahead of the feed-system losses. The 
signal phase must be preserved in the preamplifier, so that the sig- 
nals from the various elements can be combined in correct phase 
relationship in the usual way, to form a beam in the desired direc- 
tion. This technique of obtaining a low-noise array antenna is 
called PABFA (post-amplification beam-forming array). It is a 
very expensive technique, and is therefore used only in special appli- 
cations that warrant the expense. Usually it is employed in a 
phased-array-scanning antenna (Sec. 5-10). PABFA antennas have 
been discussed by Skolnik.* 

Lenses can be designed for low side lobes, and also they offer the 
possibility of locating the receiver near the feed. For very high gain 
applications, however, lenses become unwieldy in the frequency 
region being considered. Therefore, the greatest emphasis in low- 
noise antenna design is on the use of paraboloidal reflectors. 

It is well known that a highly tapered aperture illumination will 
reduce the side-lobe level, and somewhat greater tapering is usual in 
low-noise designs than when maximum gain is the paramount con- 
sideration. At least equally important for reflector antennas is the 
minimization of illumination spillover, because spillover causes back 
lobes that “‘look”’ at the ground. For the same reason it is important 
to minimize leakage through the openings of a mesh reflector surface; 
that is, the openings must be very small compared to the wavelength. 

The Cassegrain feed system (Sec. 6-3) is frequently employed to 
minimize the transmission line length, to reduce or eliminate noise 


* M. I. Skolnik, Introduction to Radar Systems, McGraw-Hill, New York, 
1962; pp. 301-305. 
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due to transmission-line loss. The Cassegrain system is also less 
likely to result in back lobes due to spillover. The spillover that 
occurs at the subreflector causes side lobes that look at the sky rather 
than at the ground; hence they result in little or no additional ground- 
noise. When a conventional focal-point feed is used, if low noise is 
important it is desirable to locate a receiver preamplifier at the apex 
of the feed support. Care should be taken, when this is done, to 
minimize aperture blockage, which also causes higher side-lobe 
levels. 

An antenna design that is perhaps ultimate in low noise perfor- 
mance is a very large, conical-horn-reflector antenna used by the 
Telstar satellite-communication ground terminal at Andover, 
Maine. Figure 7-20 is a diagram of this type of antenna. Its 
design completely eliminates the problems of spillover and reflector 
leakage, and also permits the receiver and transmitter to be located 
close to the feed point, at the apex of the horn. The axis of the horn 
is horizontal, but the mouth of the antenna can be pointed upward. 
This is possible because a section of a paraboloidal reflector is inserted 
in front of the mouth of the horn, so that the wavefront is redirected 
at a 90-degree angle from the horn axis. The apex of the horn is 
at the focus of the paraboloid. The paraboloidal aperture is circu- 
lar, 68 feet in diameter. The antenna is used for reception at a 
frequency of 4080 Mc and provides high gain and a narrow beam in 
combination with extremely low noise. The gain is approximately 
58 db, and the beamwidth is about 0.23 degree. The antenna is also 
used for transmitting at 6390 Mc, where the gain is 62 db and the 
beamwidth is 0.15 degree. The entire antenna, enclosed in a 210- 
foot-diameter inflatable radome, is mounted on a turntable about 
160 feet in diameter. The antenna rotates about the horn axis, and 
thus the aperture can be directed toward any part of the sky. A 
detailed description of this antenna has been published.* A modi- 
fication of the design that results in a more compact structure has 
been devised. It is called the triply folded horn reflector antenna.*+ 


* J. N. Hines, Tingye Li, and R. H. Turrin, ‘‘ The Electrical Characteristics of 
the Conical-Horn Reflector Antenna,” Bell System Tech. J., 1187-1211 (July 
1963). 

t A. J. Giger and R. H. Turrin, ‘‘ The Triply-Folded Horn Reflector: A Com- 
pact Ground Station Antenna for Satellite Communication,”’ Bell System Tech. 
J., 1229-1253 (September 1965). 
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PROBLEMS AND EXERCISES 


1. (a) A center-fed cylindrical dipole has a length-to-diameter ratio 
(L/D) of approximately 122. It is 4+ wavelength long (L = 4/2) at a 
frequency fo = 500 Mc. At approximately what two frequencies be- 
tween 500 and 1000 Mc will the reactive component of its input impe- 
dance be approximately + 100 ohms (neglecting effects due to the feed- 
point connection)? (b) Another dipole of the same length has an L/D 
ratio of approximately 17. At about what two frequencies in the same 
range will the resistive component of its input impedance be 100 ohms? 
(Use Figs. 7—2 and 7-3.) 

2. (a) A cylindrical dipole, at a particular frequency, has an input 
impedance Z = 75 + j30 ohms. What are the values of input resis- 
tance and reactance of a vertical monopole whose height above the 
ground plane is exactly half the length of this dipole, and whose diameter 
is the same as that of the dipole? Assume that the monopole ground 
plane is of infinite extent and perfectly conducting. (b) If the dipole has 
a free-space directivity (D) of 1.5 relative to an isotropic radiator, what is 
the directivity of the monopole? 

3. A log-periodic antenna has a design ratio 7 = 0.8. At a fre- 
quency of 60 Mc, its input impedance is purely resistive and 82 ohms in 
value. The upper and lower cutoff frequencies are 300 Mc and 30 Mc. 
Assuming an ideal log-periodic behavior between the cutoff frequencies, 
at what frequencies (in addition to 60 Mc) will the input impedance be 
exactly 82 ohms and purely resistive? (Use slide rule and disregard 
fractions of a megacycle.) 

4. In each part, check the one of the four choices that you think is 
correct: 


(a) An equiangular log-periodic antenna is desirable because: 
(i) It is simpler to construct [ | 
(ii) It has noncritical length dimensions [_]| 
(iii) It has very small impedance variation over its range of 
operation [_] 
(iv) Its phase center does not vary with frequency [_] 
(b) A self-complementary antenna is desirable because: 
(i) Its phase center does not vary with frequency [_] 
(ii) Its impedance does not vary with frequency [_]| 
(iii) It is light in weight [_] 
(iv) The pattern does not have side lobes [_] 
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(c) Some types of log-periodic antennas used as feeds for paraboloidal 

reflectors are deficient for broad-band operation because: 

(i) The beamwidth cannot be made narrow enough for proper 
illumination taper [_| 

(ii) The phase center varies with frequency [_] 

(iii) The beam direction varies with frequency [_] 

(iv) The beam cannot be made wide enough for proper illumi- 
nation [_| 


5. Name three basic types of antennas that can provide circularly 
polarized radiation. 

6. Name one type of antenna that will provide each of the following 
types of radiation (or reception) characteristics: (a) Omnidirectionality 
(a theoretical perfect circular pattern) in the horizontal plane, with 
vertical polarization. (b) Same pattern as in (a) but with horizontal 
polarization. (c) An approximately omnidirectional three-dimensional 
pattern with polarization that varies with the direction. 

7. State two conditions under which an electrically small antenna may 
be used for reception with results virtually as good as would be obtained 
with a much larger antenna. 

8. With various types of direction-finding antennas, the direction of a 
received signal is determined by finding the null direction rather than 
the direction of maximum signal. In a single brief sentence, state why 
the null is used rather than the maximum. 

9. An antenna has a 1-degree beamwidth in the vertical plane and a 
3-degree beamwidth horizontally. The beam is scanned in both ele- 
vation and azimuth. The elevation scan is a sawtooth motion, and each 
sawtooth scan takes 0.1 second. The azimuth scan is a much slower 
motion with constant angular speed. What must this azimuth angular 
speed be in order for the azimuth scan to progress one azimuth beam- 
width during the time of one vertical scan? Express the result in terms 
of revolutions per minute (1 rpm = 360° per minute = 6° per second). 

10. Name two antenna design factors to which special attention must 
be paid to achieve low-noise operation in the frequency range of 1000 
to 10,000 Mc. (One of these factors relates to external noise, and one 
to internal noise.) 


8. 


Antenna measurements 


It would be pleasant to assert that the diligent reader should now be 
able to design and construct antennas that would function properly, 
without further ado. But as every knowledgeable antenna engineer 
knows, it would be foolhardy to make such a claim. Successful 
antenna design requires a knowledge of antenna theory, but for all 
except the very simplest antennas, a certain amount of “‘cut and 
try’ is necessary before an initial design model will perform in 
accordance with the designer’s wishes. An essential part of this 
cut-and-try process is measurement of the antenna’s performance. 

The majority of antenna measurements lie within two basic 
categories: impedance measurements and pattern measurements. 
The first category deals with one of the most important antenna 
parameters—the input impedance. The second category is a very 
broad and equally important one, with many subcategories, such as 
measurements of beamwidth, minor lobe level, gain, and polarization 
characteristics. Measurements of efficiency and noise may also be 
desired in some instances. 

Not all these possible measurements need be made in every situa- 
tion. It is seldom that the complete antenna pattern is measured, 
including side lobes and polarization characteristics in all directions. 
Often, at the higher frequencies, it can be assumed that antenna 
ohmic losses are negligible, and therefore the radiation efficiency 
factor need not be measured. The input impedance is practically 
always important, however. The beamwidth, gain, and _ side- 
lobe levels are also frequently important, especially at the higher 
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frequencies where directional antennas are often used. Polarization 
measurements are important only in special cases. Measurement 
of antenna bandwidth is not actually a separate measurement 
category; it consists of measuring impedance and pattern charac- 
teristics over a band of frequencies. 

As discussed in Sec. 7-8, the antenna may affect the noise level of a 
receiving system in special cases. The technique of antenna noise 
measurements is a relatively new art, which is becoming increasingly 
important in the “low noise” frequency region of about 1000 to 
10,000 Mc. The basic technique is therefore described in this 
chapter. 


8-1. Impedance Measurement 


Impedance is a quantity basically defined at a pair of electrical 
terminals, in terms of the current, J, that flows if a voltage E is 
applied between the terminals. According to the a-c generaliza- 
tion of Ohm’s law, the impedance Z is 


Z=- (8-1) 


The impedance is a complex quantity, having a resistive real part R 
and a reactive imaginary part X:* 
| Z=R+jX (8-2) 


The relationship between Eqs. 8-1 and 8~2 lies in the fact that there is 
in general (except when X = 0) a phase difference between the voltage 
E and the current J, expressed as an angle ¢. This angle is related to 
Rand X by the equation: 


X 
tan¢d = R (8-3) 
It can readily be shown that the impedance may be expressed as 


E 
z=[F 


{cos ¢ + j sin $} (8-4) 


* The algebra of complex numbers is reviewed briefly in Appendix A. 
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Thus Z can be measured by measuring the voltage and current at the 
pair of terminals, and the phase angle between them. The ratio 
|E/T| can also be written as |Z|, as can be seen from Eq. 8-1. Com- 
paring Eqs. 8-2 and 8-4 shows that R = |E/T| cos ¢, and X¥ = 
|E/T| sin ¢. 

At low radio frequencies, voltmeters and ammeters are practical 
instruments. The direct measurement of the phase angle, however, 
is not a simple matter, although it can be done. A practical method 
at low radio frequencies is to apply a small voltage derived from the 
current / to one deflection axis of a cathode ray tube, with suitable 
amplification, and a sample of the voltage E to the other axis. The 
resulting pattern will be an ellipse if there is a phase difference; the 
value of the phase angle ¢ can be determined from the dimensions of 
the ellipse. 

This direct method of impedance measurement may sometimes 
be useful. However, comparison methods are more commonly em- 
ployed. The most basic method is the bridge method. 


Impedance Bridge Method. A bridge circuit is essentially a device 
for measuring an unknown impedance by comparing it with known 
impedances. The basic arrangement is shown in Fig. 8-1. The 
bridge consists of four impedances connected as shown. The 
detector may be any device that can respond to a current from the a-c 
signal applied to the other two terminals. 

By simple circuit analysis it can be shown that the voltage between 
points 1 and 4 of the bridge will be zero if the following relationship 
exists among the impedances: 


2, Zs 

Zo Za 
The bridge is then said to be balanced. When the bridge is un- 
balanced, the meter of the detector circuit will indicate the presence 
of a voltage between points 1 and 4. If then the variable impedance 
Z; is adjusted until a zero reading of the meter is obtained, the bridge 
will be known to be balanced, and the value of the unknown impe- 
dance can be computed from the formula: 


(8-5) 


cae Z,(5!) (8-6) 


4 


which is simply a rearrangement of Eq. 8-5. 
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For measurement of antenna input impedance, the antenna input 
terminals are connected as the “unknown impedance” to terminals 
1 and 3 of the bridge. In Fig. 8-1, point 1 is shown to be grounded. 
This would be a suitable arrangement for an antenna with one 
grounded input terminal, such as a vertical low-frequency antenna 
operated in conjunction with the ground (i.e., monopole), or any 
antenna whose feed line has one side grounded. (The outer con- 
ductor of a coaxial line is considered to be at rf ground whether or 
not it is actually grounded.) For measurement of a balanced an- 
tenna impedance, care must be taken that points 1 and 3 of the 
bridge are balanced with respect to ground. 


Detector 


Variable 


(a) impedance 


Unknown 
impedance 


a-c (rf) voltage source 


Figure 8-1. Impedance bridge circuit. 


The voltage source must provide an rf signal of appropriate vol- 
tage level at the frequency of operation of the antenna. The more 
sensitive the detecting instrument, the less voltage is required from 
the source. A typical value is a few millivolts if the “detector” is 
a fairly sensitive radio receiver. The actual indicating instrument 
can then be either a d-c meter in the output circuit of the receiver 
detector (usually a diode rectifier), or the rf signal can be modulated 
with an audio frequency and the meter can be an audio-frequency 
meter. When audio modulation is used, a pair of earphones can 
also be used as the null (zero voltage) indicator, but in modern 
practice a meter is usually employed. Precaution must be taken that 
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pickup of extraneous signals by the antenna does not corrupt the 
measurement. The use of audio modulation is helpful for this pur- 
pose, as a tuned filter can then be used in the receiver output circuit 
to eliminate most if not all undesired signals. Care must also be 
taken to avoid direct ‘feed through” from the signal source to the 
receiver—for example, by coupling through the a-c power line. 

Equation 8-6 has a deceptively simple appearance, since it tends to 
hide the fact that each of the four impedances is complex, consisting 
in general of resistive and reactive components. Therefore Eq. 8-6 
is really a complex-variable equation, equivalent to two separate 
real-variable equations; that is, if each side of the complex equation is 
separated into real and imaginary parts, the real parts of each side 
and the imaginary parts must be separately equal to one another. 
Then, instead of a single equation for the unknown impedance, Z,, 
there are two equations, one for the real part (resistive component) 
and the other for the imaginary part (reactive component). More- 
over, in order to balance the bridge, both the resistive and reactive 
parts of the variable impedance, Z,, must be separately adjusted. 
In the most general case the reactance may be either inductive or 
capacitative, so that Z, must be capable of being adjusted for either 
type of reactance. The solutions of Eq. 8-6 for the resistive and 
reactive components of Z, are 


a RoRgR, — XoXgR, + XoRgXq + RoXeXzu (8-7) 
1 Ri =k Le 
aie XX3X, — RoR3gX, + XR3gRq + RoX3R, (8-8) 


hs alee a, 


where Z, = R, + jX1,Z. = Ro + jXo, and so forth. In a practical 
bridge some of the quantities on the right-hand side may be zero, 
thus simplifying the equations. Also, these equations are derived 
on the assumption that each impedance consists of a resistance and 
a reactance in series. Some bridges may employ parallel arrange- 
ments, which will result in quite different-appearing equations. 
Bridges especially designed for antenna impedance measurements 
are commercially available and are furnished with instruction books 
that give the equations in a form applicable to the particular impe- 
dance arrangement employed. For measurement of low-frequency 
antenna impedances bridges are virtually always employed, and up to 
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about 30 Mc they are the method of choice. From 30 Mc to per- 
haps as high as 1000 Mc the bridge method may be used, although 
the bridge impedance arms may then consist partly of transmission- 
line elements rather than purely “lumped” capacitances and induc- 
tances. 


Standing-Wave Method. At frequencies above 30 Mc a transmission 
line of sufficient length to exhibit a standing wave, as discussed in 
Secs. 2-1 and 2-2 (see for example Fig. 2-5), is not unreasonably 
long. It then becomes practical to measure the antenna input 
impedance by determining the VSWR (voltage standing wave ratio) 
on the feed line, and the distance from the antenna terminals to the 
first voltage minimum on the line. Calculation of the antenna impe- 
dance by this method is based on Eq. 2-46 of Chapter 2, in con- 


Voltage 
pattern 


Transmission 
line 


Source of ; Z 
voltage <— Line conductors 


Figure 8-2. Diagram showing quantities to be measured in standing-wave 
method of impedance determination. 


junction with Eqs. 2-37, 2-47, and 2-48. These equations show how 
the complex reflection coefficient of the load, r, can be found from 
measurement of the VSWR and distance d from the load to the vol- 
tage minimum, and that the load impedance, Z,, can be calculated 
when r is known. The Smith Chart can be employed to determine 
Z,, directly from the values of VSWR and d, without going through 
any calculations, and without the intermediate determination of the 
reflection coefficient, r. Therefore, the method consists of measuring 
the quantities VSWR and d, and then making use of the Smith 
Chart, as described in Sec. 8-2. 

The quantities to be measured are depicted graphically in Fig. 
8-2. (This diagram shows only one of many possible patterns that 
might be observed.) 

The VSWR is the ratio Vinax/Vmin. The wavelength, A, is twice 
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the separation of the voltage minima. The ratio d/d, rather than d 
itself, is the quantity actually used in the calculation. Although 
A may be measured in the manner shown, it can also be calculated 
from the frequency, f, and the velocity of propagation, v, using the 
formula A = v/f (Eq. 2-1, Chapter 2). For transmission lines with 
air spacing between the conductors, v = c ~ 3 x 10® meters per 
second. 

The basic procedure for measuring the position of the voltage 
minimum, and the VSWR, is to move an rf voltmeter along the line 
and find the positions at which it reads maximum and minimum 
values. The voltmeter, however, must be one that does not itself 
constitute an appreciable load on the line at the position where it is 
measuring the voltage. A second requirement is that it must not 
distort the field between the line conductors, thereby causing a 
reflected wave that will result in an erroneous voltage reading. 
Finally, it must provide a means of indicating the exact position on 
the line that corresponds to its voltage reading. 

To meet these requirements, it is customary to employ a special 
slotted line—a horizontal section of coaxial transmission line that has 
a long narrow slot cut into the top of its outer conductor, along its 
length. A similarly slotted flat plate is brazed or otherwise joined 
to the upper surface of the outer conductor, to provide a surface on 
which the voltmeter can slide. A short metal pin, or probe, projects 
through the center of the slot (without touching the side walls) into 
the space containing the interconductor field of the line. The probe 
is not long enough to touch the center conductor, but it has a voltage 
induced between it and the outer conductor by the electric field of the 
line. The upper end of the probe connects to an electrode of an rf 
rectifier (usually a crystal diode). In the simplest type of instrument 
the resulting rectified current is read by a d-c microammeter. 
Because the probe is of such small dimensions, it does not disturb the 
field appreciably, and the microammeter does not constitute an 
appreciable load if the line is carrying a fairly high power level. 
Cross-sectional and perspective views of a typical arrangement are 
shown in Fig. 8-3. 

In this simple device a tuned circuit is connected to provide a d-c 
path through the rectifier and meter while presenting a high impe- 
dance to the rf voltage. A knob is provided on the condenser 
shaft for tuning this circuit to resonance (indicated by a maximum 
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meter reading for a fixed position of the probe). Provision is made 
for the box to slide smoothly on the slotted surface and to keep the 
probe properly positioned in the center of the slot. 

This arrangement is not sensitive enough unless the source of 
voltage is a transmitter of at least moderate power. It is often 
desired to use a much lower powered source of rf signal for making 
the impedance measurement. This is made possible by employing, 
in place of the microammeter, an amplifier. If the rf signal is 
modulated with an audio-frequency waveform, an audio amplifier 
may be used. It must be precisely linear and highly stable; or if it is 
not linear, the associated meter must be calibrated accordingly. Its 
output is used to actuate a meter. The amplifier and meter are not 
usually mounted in the sliding probe assembly but are connected to it 
through a length of flexible coaxial cable. The crystal detector, 
however, is located close to the probe in the sliding assembly, so that 
all rf circuitry is localized. The detector and amplifier must be 
thoroughly shielded against pickup of stray fields, so that only a 
field in the coaxial line can cause a meter reading. If the impedance 
of a high-gain antenna is being measured, the antenna beam should 
be pointed away from the measuring apparatus. 

Slotted lines and the associated equipment are commercially 
available, in various types for different frequency ranges. At fre- 
quencies up to about 1000 Mc, coaxial slotted lines of 50-ohm 
characteristic impedance are standard. At still higher frequencies, a 
slotted waveguide can be used. Since the position of the probe must 
be measured fairly precisely at microwave frequencies, the carriage 
may be driven by a screw connected to a handcrank with a dial or 
scale calibrated precisely in millimeters of travel of the probe. 

Especially at the very short wavelengths, it may be difficult or 
impossible to observe the voltage minimum nearest the antenna 
terminals, since this minimum may occur at a point in the line ahead 
of the beginning of the slot. However, it is not actually necessary to 
locate this particular minimum. Its position can be measured 
indirectly by the following method. First, the antenna terminals are 
short-circuited by a short heavy conductor. The probe voltmeter is 
then moved along the slotted line until a voltage null is found. (The 
voltage minimum becomes a null, or zero, when the load impedance is 
zero, as indicated by the pattern shown in Fig. 2-5, Chapter 2, for 
Z, = 0.) The position of this null is recorded. Then the short 
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circuit is removed; in general, this will cause the voltage minimum 
to move to a new position. The distance from the original null 
position to the nearest minimum in the direction of the generator 
(signal source) corresponds to the distance d of Fig. 8-2. 

Numerous precautions are necessary in standing wave measure- 
ments to avoid errors. The need for elimination of extraneous 
signals has already been mentioned in this section. It is also impor- 
tant to point or locate the antenna so that it will not receive reflected 
signals from nearby objects (radar-fashion); such reflections will act 
in the same way as an impedance mismatch in causing a reflected 
wave in the transmission line. 

A special problem arises if a high value of VSWR exists. The vol- 
tage calibration of the VSWR meter may not hold for too high or too 
low values of rf voltage applied to the crystal rectifier. One tech- 
nique for circumventing this difficulty is to measure the voltage at 
points on the transmission line other than the maximum and mini- 
mum points and from these measurements deduce the maximum and 
minimum values. This can be done by means of an analysis employ- 
ing the fundamental transmission-line equations, as was done in 
deriving Eq. 2-45, Chapter 2. Another, and more satisfactory, 
approach is to employ a detector element that can be calibrated over 
a greater range of rf voltages. A device often used is the bolometer, 
which detects by the variation of its resistance when it is heated by the 
rf current. The resistance variation follows the rf signal modulation 
and is used to modulate a d-c current passed through it. The result- 
ing modulation is amplified and measured in the usual way. Bolo- 
meter elements are sensitive to burnout if subjected to too large an 
rf current. 

Although the slotted-line method is perhaps the most common way 
of measuring VSWR and voltage-minimum position, there are other 
methods of obtaining equivalent information. A device is com- 
mercially available that consists of a coaxial-line T-joint and a short 
tube or pipe that connects at the junction of the T and runs in a 
direction perpendicular to the plane of the T. A rotating pickup 
loop in the tube samples the field that is set up in the tube by the 
currents in the T junction. A signal source is connected to the base 
of the T, the antenna input impedance is connected at the end of one 
of the arms and a capacitor at the end of the other arm. Measure- 
ments of the output of the pickup loop then permit determining the 
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VSWR of the load arm and also the phase angle of the load (which is 
equivalent to measuring the distance to the first voltage minimum). 
This device is more convenient to operate than a slotted line probe, 
but it must be precisely constructed and adjusted to give accurate 
results. (On the other hand, the same is true of slotted lines.) 

Still another method of obtaining equivalent information is by use 
of a directional coupler, such as the one represented in Fig. 2-19, 
Chapter 2. (Various other coupler designs may be used.) If the 
voltage outputs of both ports 2 and 4 of this coupler are separately 
measured, one measurement will represent the amplitude of the 
forward-traveling wave in the line, and the other will represent the 
reflected-wave amplitude. The ratio of the sum of these ampli- 
tudes to their difference gives the VSWR, in accordance with Eq. 
2-43, Chapter 2. A directional coupler used in this way is called a 
reflectometer. Since many commercial directional couplers have 
one of the low-level ports terminated internally in a load resistor, two 
such couplers may be used, one connected to measure the forward 
wave and the other to measure the reflected wave. This arrange- 
ment has the advantage of avoiding any mutual interaction of the 
separate measuring circuits due to imperfect impedance matching, 
which may cause measurement error when a single coupler is used. 

If also the phase difference of the two voltages is measured, and 
the distance from the coupler to the load is known, the load impe- 
dance can be computed. However, reflectometers are often used 
merely to monitor the VSWR of a line to make sure it remains within 
prescribed limits. In this application only the magnitudes of the 
voltages, and not their phase difference, need be measured. Such 
monitoring serves to indicate when something is out of adjustment, 
such as the impedance-matching transformer, when some part of the 
antenna or transmission-line system has been physically damaged, or 
when excessive moisture has accumulated in the line. 


8-2. Impedance Charts 


When the VSWR and the position of a voltage minimum have 
been measured, calculation of the antenna input impedance can be 
made from the basic transmission-line equations of Chapter 2. The 
considerable labor of using these equations is usually avoided by 
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using an impedance chart of one form or another. These charts are 
graphical representations of the impedance relationships expressed 
by the equations. 

A common feature of all the charts is that they deal with dimen- 
sionless ratios, rather than directly with physical quantities. The 
ratios involved are primarily ratios of impedance, length, and 
voltage—specifically, the ratio of the load impedance of the line to its 
characteristic impedance (Z,/Z,), the ratio of the distance from the 
load to a voltage minimum to the wavelength (d/A), and the ratio of 
maximum to minimum standing-wave voltages (VSWR). Con- 
versions from two of these ratios to the physical quantities Z, and 
d, and vice versa, are readily made, since Z) and 4 are presumed to be 
known quantities. Because they deal with ratios, the same charts 
can be used for all characteristic impedances, frequencies, and 
absolute voltage levels. 


The Smith Chart. The most widely used impedance chart was 
devised by P. H. Smith.* It is in fact so commonly used that it is 
readily available in printed form and is marketed and purchased in 
appreciable quantities. It is in effect a special form of graph paper, 
for plotting impedances. 

The basic plan of the Smith Chart is shown in Fig. 8-4. Within 
the circular boundary there are two orthogonal families or sets of 
circles. Orthogonal means, roughly, perpendicular, in the sense that 
the circles of one family intersect those of the other family perpen- 
dicularly, that is, at right angles. (Actually it is the tangent lines to 
the circles at the point of intersection that form right angles.) 

There is one point on the chart through which every circle of both 
families passes; this is the point at the exact bottom of the chart. 
The circles of one family pass through this point horizontally; those 
of the other family go through it vertically. The first of these 
families of circles represent constant values of the ratio R,/Z>, and 
will be referred to as “R circles.” The second family of circles cor- 
responds to constant values of X,/Z,) and will be referred to as the 
* X circles.” R, and X;, are of course the resistive and reactive com- 
ponents of the load impedance, Z,. The X circles to the left of the 
center line are negative values of X,/Zo, representing capacitive 


* Pp. H. Smith, “An Improved Transmission Line Calculator,’ Electronics, 
vol. 17, pp. 130-133 (January 1944). 
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reactance, and those on the right are positive, representing inductive 
reactance. The vertical center line is the X, = 0 line. The R 
circle that passes through the exact center of the chart represents 
R,/Z,o = 1. Therefore the exact center point of the chart corres- 
ponds to a load impedance that is a pure resistance of value equal to 
the characteristic impedance; that is, at this point R, = Z,) and 
X, = 0. (This is of course the load value that results in a unity 
value of VSWR.) 

These two families of circles are in effect a system of coordinates, 


R/Zp = 0 


X/Zo = —0.5 X/Zo = +0.5 


age R/Zo = 0.33 
A(y= VU. S 


Center of 
X/Zy=—1 X/Zy = +1 
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Figure 8-4. Basic construction of the Smith Chart. 


one coordinate set representing the resistive component and the other 
set the reactive component of the load impedance. Any particular 
point on the chart corresponds to a load impedance, Z,, whose com- 
ponents are given by the two orthogonal R and X circles that inter- 
sect at that point. 

In addition to these R and X coordinates, there is another set of 
coordinates for the measured quantities, VSWR and d/d. These 
coordinates are not printed on the chart, since they would result in a 
hodgepodge of lines and make it difficult to read the chart. Instead, 
they are to be plotted in by the user for the specific measured 
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values in a particular case. The VSWR coordinates are circles 
whose centers are at the center of the Smith Chart—that is, at the 
[X,/Zo = 0, R,/Z,) = 1] point. This point corresponds to VSWR 
= 1, and the circles of increasing size correspond to increasing 
values of VSWR. The largest of these circles forms the outer 
boundary of the chart and represents an infinite VSWR (co). 

The d/A coordinates are radial lines emanating from the center of 
the chart. A circular scale of values of d/A is provided on the outer 
periphery of the chart. The full circle spans the range from d/A = 0, 
at the top of the chart, through d/A = 0.25 at the bottom of the 
chart, to d/A = 0.5 again at the top; thus the complete circle of 
values corresponds to values of d going from zero to 4 wavelength. 
The values increase counterclockwise, when d is the distance from 
the antenna terminals to the first voltage minimum. This direction 
on the scale is usually marked ‘“‘ wavelengths toward the load,” which 
refers to the location of the null when the load is short-circuited, 
with respect to the voltage minimum with the short removed. A 
complementary scale is also usually provided, marked “‘ wavelengths 
toward the generator.’’ This scale increases in the opposite direc- 
tion and corresponds to the distance from the voltage minimum 
(short removed) to the nearest null (load shorted) in the direction of 
the generator (signal source). 

An example of the use of the Smith Chart is shown in Fig. 8-5. 
In this example it is supposed that the VSWR has been measured and 
found to be 5.3. Therefore a circle has been drawn, with its center 
at the center of the Smith Chart, passing through the VSWR = 5.3 
point on the vertical center line. The d/A value has been found to be 
0.16, and a radial line has been drawn from the center of the chart to 
this point on the d/A scale (the one labeled “‘wavelengths toward 
load’’). At the intersection of this circle and radial line, a pair of 
the R and _ X circles (shown dashed) also intersect. These are seen to 
be the ones for R;/Zo = 0.6, and X,/Z)> = —1.4. Thereteremire 
antenna input impedance in this case consists of a resistive com- 
ponent R, = 0.6Z,, and a negative (capacitive) reactance compo- 
nent X, = — 1.4Z,. If (for example) the characteristic impedance 
of the line is 50 ohms, then R, = 30 ohms, and X;, = —70 ohms. 
(Note that X, here designates “‘load reactance’’ and not, as in some 
cases, ““inductive reactance.’’) 

This example illustrates the basic use of the Smith Chart. It can 
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also be used to solve impedance-matching problems. For this pur- 
pose it is often convenient to work with admittance, rather than 
impedance. As discussed in Chapter 2 (Eqs. 2-26 through 2-34), 
admittance (Y) is the reciprocal of impedance. Its real and imagi- 
nary components are called, respectively, conductance (G) and 
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Figure 8-5. Example of impedance and admittance calculation, using Smith 
Chart. 


susceptance (B). To find these admittance components, in terms 
of their ratio to the characteristic admittance of the line Y) (=1/Z,), 
is extremely simple using the Smith Chart. The radial line for the 
applicable value of d/A is merely extended (as shown dashed in Fig. 
8-5) until it intercepts the opposite side of the VSWR circle. The 
values of G,/ Y> and B;/ Yo are then read at this point, from the same 
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set of orthogonal circles that represent R,/Z,) and X;,/Z, at the inter- 
section of the solid radial d/A line with the VSWR circle. In this 
particular example it is found that G,/ Y>) = 0.26 and B,/Y>) = +0.6. 
Since Yo = 1/Zo, if -Z,'="50 ohms then Y,'= 0:02 mhome@one 
sequently G, = 0.26'x:0.02 = 0.0052 mho, ‘and By = =b0iGrm 
0.02 = +0.012 mho, in thisexample. (Note that whereas capacitive 
reactance is negative, capacitive susceptance is positive; inductive 
susceptance is negative.) 

The Smith Chart also has other uses. Although it is basically 
designed on the assumption that the line is lossless, it can also be 
used to find the decrease of VSWR with distance from the load for 
lines with some loss; however, it should not be used for calculations 
involving high-loss lines. A high-loss line in this context is one for 
which the attenuation is appreciable (i.e., 1 db or more) in a half 
wavelength. For further details of the uses of the Smith Chart the 
reader is referred to more specialized texts.* 


Other Impedance Charts. The Smith Chart is one of many graphical 
representations of the relationships between VSWR and impedance 
of a transmission-line load. They differ mainly in the particular 
geometry of the coordinates, which makes some of them more con- 
venient than others for special purposes. Two charts that find some 
use in special types of problems are the impedance circle diagram and 
the Carter Chart. However, the Smith Chart is by far the most con- 
venient for all-round use. 


8-3. Pattern Measurement 


The pattern (radiation or reception) of an antenna has been 
defined in Sec. 3-2. It is a description (in the transmitting case) of 
the field strength or power density, at a fixed distance from the 
antenna, as a function of direction. The direction is conventionally 
expressed in terms of the two angles, 0 and ¢, of a spherical coordi- 
nate system whose origin is at the antenna. In the fullest sense the 


* For example, see the discussion by L. Birenbaum in Volume III of Handbook 
of Microwave Measurements (M. Sucher and J. Fox, editors), Third Edition, 
1964, Chapter XXV, pp. 1115-1125, Interscience Publishers (Division of John 
Wiley and Sons), New York. 
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pattern also includes a description of the spatial direction of the 
electric (or magnetic) vector of the radiated wave. Practically, this 
information is given by a description of the polarization of the field 
in the various directions, since in the far field there is no longitudinal 
component. The unqualified term ‘antenna pattern” always 
implies the far-field or radiation pattern. Therefore all pattern 
measurements must be made at a sufficient distance from the antenna 
to conform to the far-field criterion (Sec. 3-2). 

A complete pattern measurement, therefore, consists of measure- 
ment of the field strength and direction (polarization) for many dif- 
ferent values of the angles 6 and 4—for all values, in principle. In 
practice, the number of specific angular directions in which measure- 
ments must be made depends on the complexity of the pattern and 
the need for detailed pattern information in the particular application. 
Quite often only limited information is required. 

Since complete three-dimensional patterns are virtually impossible 
to plot on a plane sheet of paper, and since the patterns in particular 
planes usually provide adequate information, patterns are usually 
measured and plotted in planes. Sometimes the pattern in only one 
plane conveys the information of primary interest for a particular 
antenna. For example, in most earth-to-earth communication or 
broadcasting systems, the horizontal-plane pattern is the major con- 
sideration. Vertical-plane patterns in these cases usually have 
significance only to the extent that they affect the gain of the antenna 
in the horizontal plane (i.e., the less power that is radiated uselessly 
upward, the more there is available for radiation in the horizontal 
plane). (Exceptions to this statement are those earth-to-earth 
systems that involve propagation via an elevated reflection point or 
medium.) 

The vertical pattern is often of interest more directly, in appli- 
cations involving an earth-based antenna and some elevated receiving 
point (or vice versa), as in radio astronomy, space communications, 
and in radar intended for air or space target detection and tracking. 
The patterns in these two planes—horizontal and vertical—suffice for 
practically all applications. The main-lobe pattern in oblique 
directions can usually be adequately estimated from these principal- 
plane patterns. However, if the detailed side-lobe patterns are of 
concern, as they may be in some radar applications and in other 
special cases, oblique-plane patterns will be of interest, for the side 
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lobes in these planes cannot be inferred from the principal-plane 
patterns. 


Basic Procedure. The measurement of a pattern always involves two 
antennas—the one whose pattern is being measured, and another 
some distance away.* One antenna transmits (radiates) and the 
other receives. Because of the reciprocity principle, the antenna 
whose pattern is being measured can be either the transmitting or 
the receiving member of the pair. The measured pattern will be the 
same in either case. In the following discussion the antenna whose 
pattern is being measured will be called the primary antenna, and the 
one used as the other terminal of the transmit-receive path will be 
called the secondary antenna, regardless of which one transmits and 
which receives. 

Two procedures are possible for measuring the pattern in a parti- 
cular plane, such as the horizontal plane. In the first procedure the 
primary antenna can be held stationary—fixed in both position and 
aiming of the beam—while the secondary antenna is transported 
around it, along a circular path at a constant distance. The secon- 
dary antenna, if directional, is kept aimed at the primary antenna, 
so that only the primary antenna pattern will affect the result. 
In this procedure the primary antenna is most often the transmitting 
member of the pair, although this is by no means a necessary condi- 
tion. Field-strength readings and direction of the secondary antenna 
from the primary antenna are recorded at various points along the 
circle. By measuring the field at enough points, a plot of the 
pattern of the primary antenna can be made. Examples of such a 


* A seeming exception to this statement occurs when the pattern of a radio 
astronomy antenna is measured by plotting the received signal as the antenna 
is scanned past a celestial radio source, or as the source moves through the 
pattern due to the earth’s rotation. However, in this case the celestial source 
(‘radio star’’) is in effect the transmitting antenna of the pair. This method 
may be used for any high-gain low-noise elevatable antenna in the frequency 
range of about 1000 to 10,000 Mc. Another partial exception occurs when a 
radar antenna pattern is measured by receiving echo signals from a point 
target as the antenna is scanned past the target. In this case the one antenna 
both transmits and receives. The pattern thus measured is a two-way pattern, 
which is different from the customary one-way pattern. The relative electric 
intensity of the two-way pattern is equal to the one-way value squared, at a 
given angular position of the beam. The one-way 3-db beamwidth is equal 
to the width of the two-way pattern at the — 6db points. 
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plot in both polar and rectangular forms are shown in Fig. 3-2, 
Chapter 3. 

In the second procedure both antennas are held in fixed positions, 
with suitable separation and with the secondary antenna beam aimed 
at the primary antenna. The primary antenna is then rotated about 
a vertical axis (assuming both antennas to be in the horizontal plane) 
through an angular sector in which it is desired to measure the pat- 
tern (usually 360 degrees). In this method it is most convenient 
to transmit with the secondary antenna, so that both the field-strength 
readings and the direction measurements can be made at the primary 
antenna. The measurements can be made at a suitable number of 
fixed points, stopping the rotation of the antenna to take the read- 
ings; or, if a pattern recorder is available, a continuous measure- 
ment can be made and recorded on a chart that plots the pattern 
automatically (in either polar or rectangular form, depending on the 
particular form of chart recorder employed). Pattern recorders are 
commercially available. The chart motion and the antenna rotation 
are coordinated through conventional “‘synchro” generator and 
motor units. 

The second procedure, which has many advantages, is used when- 
ever possible. In addition to the fact that use of a pattern recorder 
is possible, the distance between the two antennas remains fixed, 
whereas in the first procedure this distance may vary unless great 
care is taken to keep it constant. However, the second method can 
be used only when the primary antenna is sufficiently small and light 
to be placed on a rotating mount, or if it has its own rotating mecha- 
nism. Many antennas, especially low-frequency transmitting anten- 
nas, are much too large to be rotated, whereas at sufficiently high 
frequencies antennas are virtually always small enough to be rotated. 
Therefore the first procedure tends to be associated with low fre- 
quencies and the second with high frequencies, though there is a 
large intermediate region where the procedure used depends on the 
particular antenna. 


Low-Frequency Techniques. At the very lowest frequencies, where 
an electrically short vertical antenna is almost universally employed 
for transmitting, the pattern in the horizontal plane is virtually uni- 
form, and ordinarily need not to be measured. Occasionally two or 
more towers may be used in an array to create a null in a certain 
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direction or directions, and broad maxima in other directions. The 
first of the procedures described above may then be used to measure 
the pattern. The secondary antenna may be mounted on the roof of 
a panel truck, on a helicopter or airplane, or on a ship or boat if the 
primary antenna is on another ship or on an island. 

When a truck is used, it may not be possible to remain at a constant 
distance from the primary antenna, because of obstructions or inac- 
cessibility of certain areas. If the field-strength readings are taken 
at different distances in the different directions, they must be correc- 
ted to a constant distance to plot a meaningful pattern. The correc- 
tion factor must be determined experimentally, since the law of field- 
strength decrease with distance cannot be reliably predicted for 
propagation of a surface wave over irregular terrain of varying con- 
ductivity. To determine the applicable correction, in a given direc- 
tion, a number of readings must be taken at different distances on the 
same radial line from the primary antenna—that is, in the same 
direction. This procedure is not necessary when the measurements 
are made with the secondary antenna on a ship or aircraft, if a 
constant distance from the primary antenna can be maintained 
during the measurements. It is also necessary to maintain an 
approximately constant height of the secondary antenna above the 
ground or water. 

Multiturn small loops are commonly used as the secondary 
antennas for such measurements. If an absolute field-strength pat- 
tern is desired, it may be obtained by measuring the voltage output of 
the loop, which is related to the field strength by Eq. 4-19, Chapter 4. 
This equation is accurate only for very low frequencies; above a few 
hundred kilocycles, correction factors may need to be applied 
because of the effect of capacity between the turns of the loop. This 
measurement is accomplished by connecting a calibrated rf signal 
generator to introduce a comparison signal into the receiver, and 
adjusting its output to give an indication, on an output meter, equiva- 
lent to that due to the received signal from the loop. A similar 
procedure is used for relative-pattern measurement, except that no 
attempt is then made to measure the absolute value of the loop out- 
put voltage. 

The receiver used in such measurements must be very gain-stable. 
When the measurements are made over land, the ground conductivity 
and the presence of nearby reflecting objects will affect the results. 
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Therefore it is customary to make measurements at more points than 
would ordinarily be required by the nature of the pattern, and to 
“smooth” the resulting pattern, which amounts to taking an average 
of the measurements made in approximately the same direction. 

An important consideration in pattern measurement is to provide 
adequate separation of the primary and secondary antennas, to 
insure measurement of the far-field pattern. As discussed in Sec. 
3-2, a rule-of-thumb formula is that the separation must be at least 
2D?/A (Eq. 3-10), where D is the maximum antenna dimension as 
viewed from the measurement point and A is the wavelength, all 
distances being expressed in the same units. If, however, D is less 
than 0.7074, a minimum permissible separation is the distance A— 
one wavelength. 


High-Frequency Techniques. At frequencies above about 100 Mc, an 
antenna pattern is customarily obtained by rotating the primary 
antenna. This may occasionally be done at lower frequencies, and 
the “‘low frequency” procedure may sometimes be used up to con- 
siderably higher frequencies. It is then especially important to make 
the field-strength measurements at points that are in the clear—not 
too close to large buildings or power and telephone lines, for 
instance. 

When the pattern is to be measured by rotating the primary anten- 
na, both antennas should be located so that they have an unob- 
structed view of each other, and also have the required separation to 
insure a far-field measurement. A further requirement is that the 
area between the antennas be clear of sizable reflecting objects, not 
only in the direct line between them but for an appreciable distance 
on both sides. This requirement is important if an accurate 
measurement of low-amplitude side lobes is to be made. Figure 8-6 
illustrates the reason. 

The secondary antenna is indicated to be the transmitting antenna, 
which is the customary arrangement because it permits all the 
measurements (direction and signal strength) to be made at a single 
location, that is, at the primary antenna. Ifa large reflecting object, 
as shown, is illuminated by the secondary antenna (whose beamwidth 
is assumed to be greater than 28), some signal will be reflected toward 
the primary antenna, arriving at the angle a off the in-line direction 
between the two antennas. (The primary antenna beamwidth is 
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assumed to be less than 2«.) This signal will be considerably less 
than the in-line signal:-and will not seriously affect the measurement 
in the main lobe of the primary antenna, when the reflected signal will 
be received in the side-lobe portion of the primary antenna pattern. 
When the primary antenna is rotated to allow measurement of its 
side-lobe pattern at the angle « off axis, however, its main lobe will 
point directly at the reflecting object, as shown in the diagram. Then 
the reflected signal received in this way may be comparable to or even 
in excess of the in-line signal received in the side lobe, so that a con- 
siderably erroneous measurement will result. 
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Figure 8-6. Effect of nearby reflecting object on pattern measurement. 


This effect is minimized by using a secondary antenna that is 
fairly directional, with high gain in the direction of the primary 
antenna and considerably reduced gain—or perhaps even a null—in 
the direction of the reflecting object. However, this requires that the 
secondary antenna be quite sizable and expensive. If there is just 
one major reflecting object in a troublesome position, a null of the 
secondary antenna may be directed toward the object, if this is 
possible without too greatly reducing the radiation in the desired 
direction or giving it an incorrect polarization. It is essential for 
the secondary antenna to have the same polarization as the primary 
antenna. Ideally, the polarization of the secondary antenna should 
be controllably variable, so that the pattern of the primary antenna 
can be investigated for all polarizations. This is especially important 
in applications where very low side lobes are important, because side 
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lobes may sometimes have a polarization different from that of the 
main-beam part of the pattern. 

Other possible remedies for the reflecting-object problem exist. 
One is to interpose absorbing material (available commercially) 
between the secondary antenna and the object, or between the object 
and the primary antenna. Another is to erect a reflecting barrier 
that will intercept the radiation going to or from the object and reflect 
it in some harmless direction. This barrier is usually a flat sheet of 
solid metal or mesh material set at an angle that will direct the re- 
flected waves away from the primary antenna. 


Pattern Ranges. When measurements of this type are made regu- 
larly on antennas, as at a research and development laboratory, it is 
customary to set up a pattern range for the purpose, consisting of a 
large clear area with facilities at opposite ends for operating the 
primary and secondary antennas. The separation of the terminals 
of the range must of course be sufficient to satisfy the far-field 
criterion (Sec. 3-2) for the largest-aperture or lowest-frequency 
antenna to be measured. 

A further problem in pattern measurement is the reflection that 
occurs from the surface of the ground between the two antennas. 
This reflection results in an interference lobe pattern of the secondary 
antenna radiation at the primary antenna. If this interference 
pattern is such that there is appreciable variation of the received 
field across the vertical aperture of the primary antenna, its pattern 
will not be correctly measured. On the other hand, if the resulting 
interference pattern is such that the variation is slight within the 
primary antenna aperture, the resulting error will be insignificant. 
This pattern may be calculated (or estimated, by assumin g the ground 
to be a perfect reflector even though it is not) by the methods des- 
cribed in Sec. 1-2. At the separation of the antennas usually em- 
ployed in pattern measurement the calculation is slightly more 
complicated than the one described in Chapter 1, in which a large 
separation of the antenna and field point was assumed, but the 
principles are the same. 

Such a calculation is not feasible, of course, when the terrain 
between the antennas is uneven, or gently rolling. Flat ground, or 
water, is required. When flatness is not attainable, another solution 
to the problem is to set up reflecting “fences” at appropriate points 
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to intercept the waves that would otherwise result in an interference 
pattern, and reflect them into harmless directions. Or the terrain 
may be deliberately roughened to such an extent that no appreciable, 
specular reflection will occur. Another solution is to select a site 
so that a “‘valley” exists between the antenna locations; then, if the 
secondary antenna has a fairly narrow vertical-plane beamwidth, 
there will be no appreciable reflection from the “floor of the valley.” 
In an industrial or built-up area this effect may be achieved by locat- 
ing the primary and secondary antennas on the roofs of tall buildings 
separated by relatively clear areas, or on tall towers. In rural areas, 
two hilltops may be used. 

The foregoing discussion has been concerned with horizontal- 
plane pattern measurement. Elevation-angle patterns are virtually 
impossible to measure in the presence of a reflection-interference lobe 
structure. One method of circumventing this difficulty is to turn the 
primary antenna on its side so that its “‘vertical plane”’ pattern can 
actually be measured in a horizontal plane. The vertical patterns 
of antennas that can be tilted upward can be measured from a heli- 
copter or airplane, if some method of measuring the aircraft direc- 
tion angle and range can be provided. A precision tracking radar is 
ideal for this purpose. 


Beamwidth and Side-Lobe-Level Measurement. Measurements of 
beamwidth and side-lobe level are automatically obtained if the 
antenna pattern is measured and plotted on graph paper, either 
manually or with a pattern recorder. The method of reading these 
quantities from the pattern plot was described in Chapter 3 (Figs. 
3-4 and 3-5). It is also possible, although not ordinarily done, to 
measure these quantities without plotting the patterns, when the 
primary antenna is on a rotatable mount. To measure the beam- 
width, the beam maximum is first found, and a field strength reading 
is taken. The reading of the angle setting is also taken. Then the 
antenna is rotated in either direction until the meter reading corres- 
ponds to half the power level of the beam maximum, or 0.707 times 
the voltage level. At this point the angle reading is again taken. 
The difference between the two angle readings is half of the beam- 
width, if the beam is symmetrical. As a check, the antenna is 
rotated to the other side of maximum, until the power reading is 
again half maximum, and the angle reading is taken. The difference 
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between the two half-maximum angle readings is the beamwidth. 
To measure the side-lobe level, the antenna is rotated and the meter 
reading is observed as the side-lobe portion of the pattern is traversed. 
The reading is noted at the maximum of the highest side lobe. The 
ratio of the power reading in this highest side lobe to the beam- 
maximum power reading (or the ratio of the squares of the voltage 
readings) gives the side-lobe level, expressed as a fraction. Ten 
times the logarithm of this fraction gives the side-lobe level in deci- 
bels (a negative value, since the logarithm of a number less than one 
is negative). 


8—4. Gain Measurement 


In principle, the directive gain can also be determined from the 
pattern measurement, in accordance with Eqs. 3-20 and 3-21. This 
method is useful for antennas whose patterns are simple, but it is of 
limited use for high-gain antennas with complicated side-lobe pat- 
terns, or for multilobed patterns, because the integration of Eq. 3-20 
is a solid-angle integral over the entire three-dimensional pattern 
of the antenna, rather than over a plane pattern. Since the patterns 
as measured cannot ordinarily be expressed as analytic functions, 
numerical integration is required. This is a very tedious procedure 
if carried out manually. The computation may be programmed for 
a high-speed digital electronic computer if such measurements are 
being made frequently, but the programming is too costly if it is to 
be used only once or a few times. This method yields the directive 
gain, as defined in Sec. 3-3. 


Absolute-Field-Strength Method. Another method of gain measure- 
ment is based on Eq. 3-19 of Chapter 3, which is repeated here for 
Pererenice: 
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This method requires an absolute measurement of the field intensity 
E or power density Y at distance R from the antenna when it is 
radiating a total power P,, the measurement being made in the 
direction of maximum radiation. However, if this method is to 
give the directive gain of the antenna itself, using Eq. 8-9, the 
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measurement must be made under free-space propagation condi- 
tions—that is, with no multipath interference due to earth reflection, 
or any other factors that modify the free-space inverse-square law. 
On the other hand, if the measurement is made using Eq. 8-9 with 
the antenna in its operating location, the gain measured is the effective 
gain of the antenna in combination with its environment. When 
earth reflection is involved, this gain will (as indicated by Fig. 1-15, 
Chapter 1) depend on the elevation angle of the measuring point, as 
well as on the antenna height and the reflection coefficient of the 
earth. 

If these factors are known or can be measured, the gain of the 
antenna by itself (i.e., as would be measured in free space) can be 
deduced. If a value of field intensity E is actually measured, by 
analysis of the reflection interference effect it may be calculated that 
E is greater or less than the value that would have been measured if 
free-space propagation existed, by the propagation factor F, as 
defined by Eq. 1-49, Chapter 1. In terms of this factor, Eq. 8-9 
can be rewritten so that it expresses the free-space gain of the antenna 
even if the field intensity E or the power density 7 is measured under 
nonfree-space conditions: 
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The absolute field intensity E can be measured at low frequencies 
by means of a multiturn loop receiving antenna, as described in 
Sec. 8-3. At higher frequencies in which a “small loop” is imprac- 
tical it is more convenient to make the measurement in terms of the 
received power density Y,. This quantity is related to the receiving- 
antenna capture cross section (effective receiving area) A, by the 
formula 


(8-10) 


Pie aa, 
A, kD, 
which is a rearrangement of Eqs. 3-22, 3-23, and 3-24, Chapter 3, 
with the receiving antenna directivity denoted by D,. (Note that 
kD, = G,.) Of course, this formula can be used only if the effective 
area A, (or equivalently the directivity D,) of the receiving antenna is 
known and if the received power P, can be measured. 


Pp, = (8-11) 


Gain-Standard Antennas. <A gain-standard antenna is one whose 
gain is accurately known so that it can be used in measurement of 
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other antennas. Certain simple forms of antenna can be constructed 
to have gain of known amount. Pyramidal horns (Sec. 4-7) are 
commonly used at microwave frequencies as gain standards. The 
method of precisely calculating the gain for a pyramidal horn of 
specified aperture size and flare angles is given in advanced antenna 
texts.* 

Alternatively, a standard antenna can be obtained by a gain 
measurement that does not require, initially, an antenna of known 
gain. This method, in its simplest form, does require two antennas 
that are identical. One is used as a transmitting antenna and the 
other for receiving, separated by a distance R. The transmitted 
power P, and the received power P, are both measured. The direc- 
tivity of the antennas can then be calculated by an application of 
Eqs. 8-10 and 8-11. If the second expression given for FY in Eq. 
8-11 is substituted into Eq. 8-10, the result is 
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The quantity P, has been defined as the radiated power. If now 
it is instead regarded as the power delivered to the transmitting 
antenna terminals, and if the transmitting antenna efficiency is 
exactly the same (k) as the receiving antenna efficiency, the factor 
k drops out of the equation. Since it has been stipulated that 
D, = D, in this case, the symbol D may be used for both D, and D,, 
and the equation can then be solved for D, the gain of each of the two 
identical antennas: 
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This procedure is most likely to be successful (i.e., accurate) when 
F ~ |—that is, under effectively free-space conditions or no earth- 
reflection interference effects. (Techniques of achieving these 
conditions have been described in the discussion of pattern ranges, 
Sec. 8-3.) It can also be applied successfully under conditions that 
permit accurate calculation of F—for example, when reflection occurs 
from a smooth water surface between the two antennas. Methods 


* S. A. Schelkunoff and H. T. Friis, Antennas: Theory and Practice, Wiley, 
New York, 1952, Chapter 16. 
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of making these calculations are described in Sec. 1-4. Since F 
depends, among other factors, on the heights of the antennas above 
the reflecting surface, a further requirement for successful application 
of the nonfree-space technique is that F shall not vary appreciably 
from the lower edge to the upper edge of the receiving antenna. This 
may be determined by calculating F as a function of receiving- 
antenna height and plotting a curve. This curve may in fact be 
used to find a height for the receiving antenna that results in minimal 
variation of F over its vertical aperture dimension. If necessary, the 
height of the transmitting antenna and the separation of the two 
antennas may also be varied to achieve the desired result. (The 
separation must in all cases conform to the far-zone criterion.) 


Power-Measurement Methods. The transmitted and received powers 
can be measured by various methods. A common method of trans- 
mitted power measurement is to extract a small fraction of the 
power in the transmission line by means of a directional coupler and 
apply it to a bolometer element that is the “unknown” arm of a 
Wheatstone bridge (a bridge like that shown in Fig. 8-1 except that 
the impedances are all pure resistances). The bridge is first adjusted 
for balance with the transmitter off. When it is turned on, the 
change in resistance of the bolometer element due to heating by the 
rf power will unbalance the bridge. It is then brought back to 
balance by adjusting the variable arm of the bridge. Commercial 
bridges made for this purpose have a calibration of the adjustable 
resistance in terms of the rf power into the bolometer. To obtain 
the value of the transmitted power, P;, the power thus measured is 
multiplied by a factor to correct for the directional-coupler attenua- 
tion and for any additional attenuation that may have been inserted 
between the coupler and the bridge to reduce the power to the level 
for which the bridge is calibrated. 

The received power is usually measured by a comparison method, 
using a calibrated signal generator and a receiver with some type of 
output indicator. (The indicator may be of the type used in slotted- 
line standing-wave measurements; in fact, the same receiver and 
indicator may be used for both purposes.) The general procedure 
is to adjust the receiver gain until some convenient value of output 
indication is obtained, preferably beyond the half-scale value. Also, 
it should be ascertained that the signal level is high enough so that 
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practically all the indication is due to the signal and not to the back- 
ground noise (which will cause a meter indication all by itself, in the 
complete absence of signal, if the gain is turned up high enough witha 
high-gain receiver). Then the transmitter is turned off, and the 
calibrated signal generator is turned on. It may either be connected 
to the receiver in place of the antenna, or the antenna may be left 
connected and the test signal introduced into the receiver input by 
way of a directional coupler in the antenna-to-receiver transmission 
line. The signal generator output is then adjusted until it gives an 
indication equal to that obtained with the actual received signal. 
From the signal generator calibration, corrected for attenuation of 
the directional coupler, the value of the received power, P,, can be 
calculated. 


Gain Measurement by Comparison. At high frequencies the most 
common method of gain measurement is by comparison of the 
signal strengths transmitted or received with the unknown-gain 
antenna and a standard-gain antenna. This comparison is most 
conveniently made on a pattern range, with the same general setup of 
equipment used in pattern measurement and with the secondary 
antenna transmitting. The gain of this antenna need not be known, 
nor does the propagation factor, F, affect the result as long as F does 
not vary appreciably over the apertures of the primary antenna and 
the gain standard. All that is required of the secondary antenna and 
its associated transmitter is that they do not vary the amount or 
frequency of the radiated power in the direction of the primary 
antenna throughout the measurement procedure. 

Since the gain of the unknown antenna is ordinarily higher than 
the gain of the gain standard, the standard antenna is first connected 
to the receiver (in the manner of a primary antenna in pattern 
measurement), and aimed at the secondary antenna. The receiver 
gain is adjusted to give a convenient output meter indication (after it 
is determined that the level of the signal is well above noise level). 
Then the antenna whose gain is to be measured is connected in place 
of the standard-gain antenna, and attenuation is introduced into the 
transmission line between the antenna and receiver until the output 
indication is the same as it was with the gain-standard antenna. If 
the attenuation factor, expressed as a power ratio greater than one, 
is L, the gain of the unknown antenna, G,, is 
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where G, is the standard-antenna gain. Inasmuch as antenna gains 
and attenuator calibrations are often expressed in decibels, it is 
frequently convenient to make the calculation in decibels, in which 
multiplication is replaced by addition: 


Gacav) = Gav) + Lav (8-15) 


(In the unlikely event that the unknown antenna has a smaller gain 


Antenna being Distance 2D7/A 
measured (primary 5 or greater 
antenna) 


Secondary 
antenna 


Signal 
source 


Figure 8-7. Set-up for gain measurement by comparison method. 


than the standard, L in Eq. 8-14 is expressed as a number less than 
one, and the decibel value of L in Eq. 8-15 is negative.) The basic 
set-up for gain measurement by the comparison method is diagram- 
med in Fig. 8-7. It is essential in this method of gain measurement 
that both the unknown and the standard antenna are equivalently 
impedance-matched to the load presented to them by the transmis- 
sion line. The best way to insure this is to make VSWR measure- 
ments with each of them connected in turn, and adjust the matching 
of each for a flat line (VSWR = 1). This method basically compares 
antenna power gains, but directivities may also be determined if the 
antenna radiation-efficiency factors are known. 


8-5. Antenna Efficiency 


The term efficiency has two different connotations in its application 
to antennas. One is related to the dissipative losses and the other 
to the ratio of the directivity to the aperture area. 
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Radiation Efficiency. The radiation efficiency kz, a number less than 
one, expresses the ratio of the power radiated P, to the total power 
delivered P;, to the antenna input terminals or port. The difference 
of these two quantities is the power dissipated Pp in ohmic or dielec- 
tric losses. The radiation efficiency is also the factor applied to the 
directive gain D to obtain the power gain G in accordance with 
Eq. 3-14, Chapter 3. There are in principle several ways of measur- 
ing kp, indicated by the following equations: 


kp = P, (8-16) 
kp = a (8-17) 
Tr 
G 
ky = D (8-18) 


The first equation requires direct measurement of the total radiated 
power, which is possible only in special cases. Measurement of the 
total input power to the antenna, P,, is not difficult, since this power 
flows in the transmission line connecting the transmitter to the 
antenna. 

The second equation requires measurement of the dissipated 
power, Pp. This can sometimes be done, especially at low frequen- 
cies, by measuring the resistance of conductors in which current 
flows, and multiplying these resistances by the square of the current. 
At LF and VLF, the components of the antenna system whose rf 
resistances must be measured are the ground system, the loading coil, 
and the conductors of the antenna itself. 

The third equation is not directly useful, but it may be combined 
with Eq. 8-10 to obtain 
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(8-19) 
This equation is especially useful at VLF with short vertical grounded 
radiators (monopoles). For these antennas, D may be taken as 
twice the directive gain of the corresponding short dipole; hence, 
ordinarily, D ~ 3. Within line-of-sight distances and over water or 
moist ground, it can be assumed that F = 1. Therefore, if the total 
input power to the antenna, P;, can be measured, and also the field 
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strength E at distance R from the antenna, the radiation efficiency can 
be determined. Since the definition of kz requires E to be the 
radiated field strength, R must be a distance satisfying the far-field 
criterion; that is, R must be greater than 2D,?/A or greater than A, 
whichever is larger, as discussed in Sec. 3-2. 


Aperture Efficiency. The other connotation of the term “efficiency”’ 
relates to the equation for the directive gain of a large-aperture type 
antenna—a horn, large unidirectional planar array, parabolic 
reflector, or lens (Eq. 6-4, Chapter 6): 


aye: (Fr) (8-20) 


where A is the geometric area of the aperture and A is the wavelength 
(both expressed in the same system of units). In this context, k, is 
called the aperture efficiency. If the field intensity over the aperture 
of an antenna is uniform (no “taper’’), with no spillover or leakage, 
k, = 1. This is the largest value of k, practically attainable, ruling 
out “‘supergain”’ antennas, which are not feasible except to a limited 
degree in a few cases. Typical values of k, range from somewhat 
less than 0.5 to nearly 1.0. The measurement of k, is virtually 
synonymous with measurement of directive gain, D, since from Eq. 
8—20: 


(8-21) 


8-6. Radiation Resistance 


The radiation resistance of an antenna is defined by Eq. 3-25, 
Chapter 3; it is the ratio of the power radiated to the square of the 
antenna current. As mentioned, it is in a sense a fictitious quantity, 
since it is referred to an arbitrary point in the antenna and has dif- 
ferent values for different reference points. It is conventional to 
refer it to the current-maximum point, although it may also be refer- 
red to the feed point. In many cases the two points are one and the 
same; an example is the case of a center-fed dipole. When referred 
to the current-maximum point, it is sometimes known as the loop 
radiation resistance, since a current maximum is also called a current 
loop. 
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If there is no ohmic loss in the antenna—that is, if all the input 
power is radiated—then the radiation resistance referred to the feed 
point is equal to the resistive component of the antenna input 
impedance. In this case, measurement of the antenna input impe- 
dance constitutes a measurement of its radiation resistance. If the 
feed point is not a current-maximum point, the loop radiation resis- 
tance may be calculated from the feed-point radiation resistance 
from the formula: 


2 
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where J denotes the currents at the points indicated by the subscript 
notation. 
If there is appreciable ohmic loss, so that the antenna radiation 
efficiency factor kp is less than one, from Eqs. 3—26 and 3-29 the 
radiation resistance is found to be 
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where R; is the input resistance, that is, the resistive component of 
the input impedance. 

It is apparent that the radiation resistance is sometimes a rather 
nebulous concept and not always easily measured. In general, it is 
a useful concept only when it is readily measurable. It has no 
meaning for antennas in which there is no clearly defined current 
value to which it can be referred. 


8-7. Polarization Measurement 


The polarization of the radiated field from an antenna may be 
measured by measuring the received signal voltage with a linearly 
polarized receiving (secondary) antenna as its polarization is rotated 
in direction through 360 degrees. If two maxima and two nulls are 
observed, the field is /inearly polarized in the direction corresponding 
to the maxima. (The maxima will be 180 degrees apart, and the 
nulls will be 90 degrees from the maxima. The direction of the nulls 
can be measured more accurately than that of the maxima.) 

If maxima and minima (rather than nulls, or zeros) are observed, 
the field is elliptically polarized, and the ratio of the maximum to 
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the minimum field intensity is called the polarization ratio or ellip- 
ticity. When this quantity is measured in the axis of the main beam 
of the antenna under test, it is called the axial ratio. 

When the field intensity is constant as the secondary antenna 
polarization is rotated, the field is circularly polarized. (Circular 
polarization is of course just the special case of elliptical polarization 
for which the polarization ratio is one.) 

The most common linearly polarized antenna used for such 
measurements is the half-wave dipole. A dipole array or a dipole 
with a reflector may also be used. In fact, any linearly polarized 
antenna will serve. Polarization measurements may also be made 
using two fixed receiving antennas linearly polarized at right angles 
to each other, and measuring the ratio of the intensities received by 
each. If the field is elliptically polarized, the phase difference of the 
signals in the two antennas must be measured. The method is 
described by Kraus,* who also gives a thorough discussion of 
polarization theory. 


8-8. Scale-Model Measurements 


Because of the practical difficulties of making measurements on 
large antennas, and the expense of constructing experimental 
designs of large size, the scale-model technique is very useful in 
antenna development and research work. The principle of the scale 
model is that if two antennas are of exactly the same shape but differ 
in size by a scale factor S, their electromagnetic behavior will be the 
same if the smaller antenna is operated at a frequency S times as 
great as that at which the larger antenna is operated. 

This principle is self-evident for simple antennas such as a half- 
wave dipole, but in fact it holds for all types of antennas. For 
example, if two paraboloidal reflectors are of exactly the same form 
(same f/D ratio and same aperture shape) but one is ten times the 
size of the other, and if they have identically shaped feeds that also 
differ in size by a 10:1 ratio, then if the larger one is operated at 
1000 Mc and the smaller one at 10,000 Mc, their operating parameters 
will be identical. The gains, beamwidths, side-lobe levels, and input 


* J. D. Kraus, Antennas, McGraw-Hill, New York, 1950, pp. 464-484. 
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impedances will be the same; in fact the patterns will be exactly 
alike. Also, the percentage bandwidths will be the same. The 
same would be true of a third antenna five times as large as the larger 
of the first two, operated at 200 Mc. Thus a large antenna can be 
scaled down, or modeled, by any desired factor by operating it at a 
sufficiently high frequency. 

Frequencies in the region of 10,000 Mc are very popular for scale- 
model work, because the scaled antennas in this region (known as 
X-band) are of very manageable size, usually, and also the necessary 
apparatus is readily available at this frequency—waveguide and 
fittings, signal sources, receivers, and special measurement equip- 
ment. However, some antennas if scaled to so high a frequency 
would be too tiny and delicate for practical handling. For example, 
a half-wave dipole is only about 0.6 inch long. Another popular 
frequency region, when an X-band model would be too small, is 
S-band—the region of frequency around 3000 Mc. 

The scale-model principle is exact if the scaling is exact. Not only 
the size, but also the conductivity of the model must be scaled, for 
exact results. The conductivity of the model must be greater than 
that of the full-sized antenna by the factor S. However, if the con- 
ductivities of both antennas are quite high, as is usually the case, and 
if the conductors of the model do not become too minute, the 
conductivity scaling is not of much importance. Models are some- 
times silver plated to increase their conductivity. If parts of the 
antenna involve dielectric or magnetic materials, the sizes of these 
parts are scaled, but the dielectric constants and the permeabilities 
are not; they should be of the same values in both the model and the 
full-sized antenna. 

The exactness of scaling of the linear dimensions of the antenna is 
the most important scaling factor. The scaling requirement applies 
to all dimensions, such as the thickness of the walls of a waveguide 
horn, the openings of the mesh of a reflector surface, and even the 
deviations from a true paraboloidal surface—all of these must be 
smaller in the model by the factor 1/S, if the results are to be com- 
pletely accurate. On the other hand, if only approximate results 
are needed, the scaling need not be applied to some of the details of 
the antenna, if they are very small compared with the wavelength. 
Inexact scaling affects the accuracy of impedance measurements 
more than it does pattern measurements and gain. 
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An advantage of the use of scale models is that it reduces not only 
the size of the antenna but also the required size of a pattern range, 
or separation of primary and secondary antennas for any far-field 
measurements. This can be seen by considering the separation 
criterion 2D?/X. Since D is decreased by the scale factor 1/5, and 
A is reduced by the same factor, the net effect is to reduce the quantity 
2 D?/X by the factor 1/S. 

Because of this reduction scale model pattern and gain measure- 
ments are sometimes made in a special radio darkroom or anechoic 
chamber, which is an enclosure whose walls, floors, and ceilings are 
lined with a special material that absorbs radio waves almost com- 
pletely. Thus no reflections occur, and the room behaves as if it 
were free space. To make an enclosure of this type of suitable 
dimensions for use with full-scale antennas in the VHF and UHF 
regions would be prohibitively expensive. But for model antennas 
at S band or X band or small full-sized antennas it becomes quite 
practical. The absorbent material is commercially available. 


8-9. Antenna-Noise Measurement 


As pointed out in Sec. 7-8, low-noise performance is possible only 
in the frequency region extending from approximately 1000 to 
10,000 Mc. Antennas designed for low noise in this region will 
generally be at least moderately directive, with a well-defined beam, 
and they will usually be steerable to some extent if not fully, especially 
in elevation angle. Typical applications of such antennas are radio 
and radar astronomy, space communications, and spacecraft tele- 
metry. The principal application of the low-noise antenna is as the 
earth-based terminal of an earth-to-space propagation path, since 
the antennas of spacecraft are less subject to avoidable noise. 


Elementary Noise Theory. The noise performance of an antenna is 
expressed in terms of a noise temperature rating. This rating actually 
expresses the available noise power at the antenna output terminals. 
‘Available’? in this context means ‘deliverable to a matched- 
impedance load.” 

The use of the somewhat fictitious temperature rating stems from 
the fact that a basic source of noise in electric circuits is the thermal 
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agitation of electrons in resistive circuit components. It was shown 
by Nyquist * that the open-circuit rms noise voltage V,, generated in 
a resistance of value R ohms at an absolute temperature T (degrees 
Kelvin) * is 

V, = V4kTRB volts (8-24) 


where k is Boltzmann’s constant (1.38 x 10-2% watt-second per 
degree Kelvin), and B is the frequency bandwidth (cycles per second) 
within which the noise voltage is measured. (The formula is 
actually an approximation that holds for most conditions at fre- 
quencies in the radio spectrum. A more exact formula is required 
at extremely high frequencies and at extremely low temperatures.) 
It is easily shown and well known that the maximum power that 
can be delivered by a generator or other source having a given inter- 
nal electromotive force (open-circuit voltage) is obtained when the 
external load resistance is equal to the internal resistance of the 
source. (More generally, the external impedance must be equal to 
the complex conjugate of the source impedance.) From this it 
readily follows that the thermal noise power deliverable to this 
optimum /oad by a thermal noise source of resistance R at tempera- 
ture T is 
ath Vee 
~ 4R 


Hence the quantity kTB is the available noise power. It does not 
depend on the particular value of resistance, but only on the absolute 
temperature T (for a given bandwidth B). Therefore it has become 
customary to rate a noise source whose available noise power is P,, 
in terms of its equivalent noise temperature calculated from Eq. 8-25 
—that is, T = P,/kB. This rating practice is followed even where 
the noise is not actually of thermal origin, provided it ‘‘resembles”’ 
thermal noise in statistical and frequency spectrum characteristics. 
A thermal-noise voltage is a randomly fluctuating voltage that 
conforms to a particular statistical law and contains a uniform mix- 
ture of all frequencies within the radio spectrum—or, in particular, 


P,, 


= kTB watts (8-25) 


* H. Nyquist, “Thermal Agitation of Electric Charge in Conductors,” Physical 
Review, vol. 32, pp. 110-113 (July 1928). 

} The Kelvin or absolute thermodynamic scale of temperature is related to the 
more familiar Fahrenheit and Centigrade scales by the formula: 


TD xeivin = 273.16 + D Gentieruas = 255.38 + (5/9) Tranrenneit 
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within any selected band, such as the i-f passband of a receiver. The 
general appearance of a noise-voltage waveform, as viewed on a 
cathode-ray oscilloscope connected to the output of a receiver (after 
detection), is shown in Fig. 8-8. This waveform is the half-wave- 
rectified ““envelope”’ of the rf noise; the rf cycles have been filtered 
out. (Such noise is sometimes called “‘video noise.’’) 

Because of their statistically random nature, noise voltages from 
two different (independent) sources, being uncorrelated, when com- 
bined or superimposed in a circuit or as electromagnetic waves in 
space, add so that the resultant rms voltage (or field intensity) is the 
square root of the sum of the squares (root-sum-square) of the super- 
imposed voltages (or fields). This means in effect that the resultant 
noise power is the sum of the individual-component noise powers; 
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Figure 8-8. Oscillogram of a typical time sample of detected thermal noise; 
100-usec sample, amplifier bandwidth 500 kc. 


it is unnecessary to consider whether phase relationships cause 
addition, cancellation, or some intermediate result. This deduction 
follows from the fact that the relative phases of uncorrelated noise 
voltages fluctuate; they do not maintain a constant relationship over a 
period of time. Therefore if an antenna receives noise contributions 
from a number of independent sources, the total noise power (tem- 
perature) will be simply the sum of the individual noise powers 
(temperatures). 

The mathematical analysis of noise, the interrelationships of sig- 
nals and noise, and the physical origins of noise have been inten- 
sively investigated, and an extensive literature exists.* 

* Two excellent books are Frequency Analysis, Modulation, and Noise, by 


Stanford Goldman, McGraw-Hill, New York, 1948, and Noise, by A. van der 
Ziel, Prentice-Hall, New York, 1954. 
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Evaluation of Measured Antenna Noise Temperature. As was pointed 
out in Sect. 7-8, antenna noise comes from a number of sources, 
both external and internal to the antenna. The internal sources are 
thermal in nature and are due to ohmic losses. The sources of 
external noise are graphically depicted in Fig. 8-9. The mechanism 
of generating electromagnetic thermal noise waves in dissipative 
propagation media, such as the earth, and in the atmosphere at 
frequencies where it partially absorbs radio waves, is similar to that 
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Figure 8-9. External sources of antenna noise. 


of thermal noise generation in resistive circuit elements. Noise 
radiated from some sources, such as the galactic system of which the 
earth and the sun are members, is not truly thermal in nature, but 
within limited bandwidths it resembles thermal noise, so that its con- 
tribution to total antenna noise may be described in terms of an 
equivalent noise temperature. 

Because some of the external noise is unavoidable, when an 
antenna noise temperature is measured it is necessary to evaluate the 
result in relation to the minimum possible noise temperature that 
could be achieved at the operating frequency. From measurements 
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that have been made by many workers on the strengths of the various 
noise sources depicted in Fig. 8-9, and by using the principle of 
addition of noise power from independent sources, it is possible to 
plot a curve of the approximate noise temperature of an ideal antenna 
as a function of frequency. Such a curve is shown in Fig. 8-10. 
The “curve” of Fig. 8-10 is shown as a band rather than a line, 
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Figure 8-10. Irreducible noise temperature of an ideal antenna in the fre- 
quency range from 100 Mc to 100 Ge, due to galactic and atmospheric noise. 
Maximum values below 1000 Mc are for antenna pointed at galactic center, 
minimum for galactic poles. Above 1000 Mc maximum values are for 
pointing near horizon, minimum for zenith pointing. 


indicating that an exact value cannot be given. In the left-hand 
region, below 1000 Mc, the maximum values will be observed if the 
antenna is pointing toward the center of the galaxy (the “‘hottest”’ 
part of the sky, in radio-astronomical parlance), whereas the mini- 
mum values are observed toward the galactic poles (where the sky 
is “cold”’). In the right-hand region, above 1000 Mc, the maximum 
values are observed with an antenna pointed toward the horizon, 
looking through the thickest possible section of the atmosphere; 
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the lowest values are observed looking straight up, toward the zenith. 
The values shown assume that there is no noise due to ohmic losses 
in the antenna, and none due to reception of ground noise via 
minor lobes of the pattern.* That is, the antenna is considered to be 
ideal in that it is lossless and has no minor lobes. The techniques 
of minimizing losses and minor lobes are discussed in Sec. 7-8. The 
difference between a measured antenna temperature and the values 
shown in Fig. 8-10 is an indication of the degree of success achieved 
in minimizing these parameters. 
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Figure 8-11. Set-up for antenna noise temperature measurement. 


Measurement Techniques. As in antenna gain measurement, the 
most convenient technique of measurement of noise temperature is 
comparison with a source of known (and variable) noise tempera- 
ture. The measurement set-up is diagrammed in Fig. 8-11. 

The switch in this arrangement must be a high-quality trans- 
mission-line switch—a coaxial switch if the line is coaxial, or a wave- 
guide switch when the line is waveguide. It is first set to connect the 


* In the frequency region above about 1000 Mc the minimum noise-temperature 
values were calculated on the assumption that the only noise present is tropos- 
pheric thermal noise. However, some recent work reported in the Astro- 
Physical Journal, 142, 414-421 (July 1965), indicates that another probable 
source of unavoidable noise is cosmic black-body radiation, which is related to 
the cosmological theory of the expanding universe. If this hypothesis proves 
to be correct, as some experimental results indicate it to be, the minimum 
values of Fig. 8-10 should be increased by a few degrees (possibly 3.5°K) to 
include this noise. 
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receiver input to the antenna, and the receiver gain is adjusted to 
cause the output meter to read a convenient value between half and 
full scale. This reading is noted. The antenna should be pointing 
straight overhead (zenith direction) when this reading is taken, or at 
as high an angle as possible. The measurement should be performed 
in clear weather, with no precipitation or overcast, and at a time when 
the sun is low in the sky so that it will not be in the main beam of the 
antenna pattern. At frequencies below 1000 Mc, the approximate 
galactic temperature should be estimated in the overhead direction, 
from published sky-noise maps.* 

Next the switch is connected to the calibrated variable noise 
source, and its effective temperature (noise power output) is adjusted 
until the output meter reading is the same as that previously noted. 
The noise temperature of the calibrated source is then the same as 
that of the antenna. 

It is essential that the receiver gain remains constant during the 
entire measurement procedure. This can be checked by repeating 
the measurement several times. If consistent results are obtained, 
it may be assumed that the gain has remained constant. It is also 
essential that the antenna and the noise source be equivalently 
matched to the receiver. 

A variable-temperature source may be obtained by using a con- 
stant-temperature source and an attenuator. The arrangement is 
shown schematically in Fig. 8-12.+ 

The attenuator affects the output temperature of the source- 
attenuator combination in two ways. First, it attenuates the noise 
from the source. Second, it generates thermal noise itself, since it is 
a lossy device at a nonzero thermodynamic temperature. Not all 
the noise thus generated is delivered to the receiver; part of it is 
coupled back to the source. It can be shown that the amount 
available to the receiver is 


Fe iietatas a TB I = 7) (8-26) 


* H.C. Ko, “The Distribution of Cosmic Background Radiation,” Proc. IRE, 
46, No. 1, 208-215 (January 1958). 

+ This method is described in a paper by Schuster et al., ““ Noise Temperatures 
of Large Paraboloidal Antennas,’ JRE Transactions on Antennas and Propa- 
gation, AP-10, No. 3, 286-291 (May 1962). This paper also contains much 
additional valuable information on antenna noise temperature measurement. 
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where 7; is the thermal temperature of the attenuator (its actual tem- 
perature as measured by a thermometer with a Kelvin scale), and L 
is its loss factor, expressed as a number equal to or greater than one. 
(If a signal is applied to the input of the attenuator, L is defined as 
the ratio of the available signal power at the input terminals to that 
available at the attenuator output.) 

The noise reaching the attenuator output from the basic noise 
source is 


kT,B 
P source —_ L (8-27) 


where J, is the noise temperature of the source. Since the source 
noise power and the attenuator noise power are additive, the total 
noise power available to the receiver is 


f l 
Prsatay = kB|T + 7(1 - 7)| (8-28) 


Cooled load Variable rf To 
T;=4°K to attenuator transmission-line 
80°K T;=290°K switch 


Figure 8-12. Method of obtaining variable noise output from a fixed- 
temperature source. 


Consequently, the effective noise temperature at the attenuator out- 
put terminals is the term of Eq. 8—28 in the square brackets: 


T, 
T, = 5+ 7(1 a i) (8-29) 


If L becomes infinite, it can be seen from Eq. 8-29 that 7, = T,, 
whereas if L = 1, T, = T,. Therefore by varying L over this range, 
any intermediate value of 7,, can be obtained, and the value can be 
calculated from Eq. 8-29. Ifthe attenuator is calibrated in decibels, 
and the decibel attenuation expressed as a positive number is Aap, 
the value of L is given by 


L = antilog (+2) (8-30) 


Since 7; is usually of the order of 290° K (62.3° Fahrenheit), this value 
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is usually taken as a standard value for approximate calculations. 
On this basis, this method of obtaining variable output noise tem- 
perature will yield values that range from T, up to or down to 290° K, 
depending on whether 7, is less than or greater than 290 degrees. 
Ordinarily 7; is less than 290 degrees, because it may be presumed 
that the antenna noise temperature to be measured is less than this 
value if it is a low-noise antenna. 

An alternative method may be employed if it is inconvenient to 
insert an attenuator in the line between the noise source and the 
switch. In this method another noise source is used; it is required 
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Figure 8-13. Noise output-meter-calibration arrangement. 


to be a high-temperature source. At microwave frequencies, a fre- 
quently used source of this type is an argon gas-discharge tube, which 
has a noise temperature of about 10,000° K. The circuit arrange- 
ment used is diagrammed in Fig. 8-13. 

The procedure is to connect the switch first to the “colder” of the 
input sources, with the argon tube in the unfired condition (no noise 
output). The receiver gain is adjusted to give a convenient value 
of output meter reading, somewhat less than half scale. This 
reading is recorded. Then the argon tube is switched on (fired). 
The attenuator in its output circuit is adjusted to various values of 
attenuation, to give various values of output meter readings greater 
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than the reading obtained with the argon tube off. These readings 
will correspond to increases of the effective input noise temperature 
to the receiver, AT, given by the following expression: 


aihes de rean a T, 

AT = a Pia (8-31) 
where 7; is the temperature of the passive components of the 
argon assembly, L, is the loss factor of the attenuator, and L, is the 
loss factor corresponding to the attenuation of the directional 
coupler. (L, and L¢ are given by Eq. 8-30.) 

In this way, a calibration of the output meter readings is obtained. 
The lowest recorded reading corresponds to the temperature of the 
antenna or cooled load, plus a contribution 7;/L, from the argon- 
tube passive circuitry, and the subsequent readings correspond to 
increases given by Eq. 8-31. 

The argon tube is then turned off, and the switch is connected to 
the other of the input sources (antenna or cooled load). The result- 
ing output meter reading gives its noise temperature in terms of the 
calibration just obtained. It is convenient to use a chart recording 
instrument as the output meter, so that a permanent record of the 
calibration steps is obtained, as well as a record of the antenna noise 
temperature reading. 

The procedures described can be carried out accurately only if the 
receiver is of the low-noise type so that an appreciable percentage of 
the total noise actuating the output meter is that due to the antenna 
or the comparison noise source. Otherwise, relatively large variations 
of the antenna noise will correspond to small changes in the output 
meter reading, and the accuracy of measurement will be poor. 

A device known as a microwave radiometer can measure noise 
temperature changes that are small compared to the total system 
noise (antenna noise plus receiver noise). This device is much used 
for radio-astronomical measurements but is more adapted to 
measuring antenna-temperature changes than it is to absolute 
antenna temperature measurement. 


Low-Noise-Temperature Comparison Sources. A requirement for 
the measurement of a low antenna noise temperature is a comparison 
source of noise that is of temperature not too far from that of the 
antenna. The ordinary “dummy load” or resistive termination of a 
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transmission line or guide will have a noise temperature equal to its 
thermal temperature, in accordance with Nyquist’s theory (Eqs. 8-24 
and 8-25). Since the thermal ambient temperature is ordinarily 
around 290° K, it is apparent that such a load must be artificially 
cooled to obtain a low-noise source. This is the method actually 
employed. 

If the load is cooled in a cryostat with liquid nitrogen, a noise 
temperature of about 80° K will result (— 315.7 Fahrenheit). This is 
low enough for measurement of moderately low antenna noise 
temperatures. But for very low antenna temperatures a lower com- 
parison source is preferred. One may be obtained by using liquid 
helium in place of the liquid nitrogen. The resulting noise tempera- 
ture is about 4° K. 

These very low values of noise temperature are effective only if the 
load is connected to the receiver through a very low loss transmission 
line. If loss is present, the effective temperature will be increased in 
accordance with Eq. 8-29. This is the mechanism used for providing 
increased effective noise temperatures when values higher than those 
of the cooled load are required. 


Achievable Antenna Noise Temperatures. The noise temperature of 
a well-designed low-noise antenna in the 1000 to 10,000 Mc range 
should be less than 60° K, and may be as low as 4.5° K. Achieve- 
ment of this latter value of 5650 Mc has been reported * through the 
use of a horn-reflector antenna of the type described in Sec. 7-8 (the 
same type used in the Telstar satellite communication system). Of 
the 4.5° K, 2.5° K was attributed to tropospheric noise, and the 
remaining 2° K to ground noise, via minor lobes. 


PROBLEMS AND EXERCISES 


1. By making substitutions in Eq. 8-6, Z; = R; + j Xi, Zo = Ro + j Xe, 
etc., show that Eqs. 8-7 and 8-8 result. (First eliminate imaginary 
quantities from the denominator, then equate real and imaginary parts 
of both sides of the equation, as discussed in Appendix A.) 


* R. W. DeGrasse et al., in a letter to the Editor of the Journal of Applied 
Physics, vol. 30, p. 2013 (December 1959). 
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2. Obtain a blank Smith Chart (they are sold by at least two com- 
panies). Assume that standing-wave measurements have been made so 
that it is known that VSWR = 2.5, and d/A = 0.35. What are the com- 
ponents of the load impedance and load admittance, expressed in terms 
of their ratios to the characteristic impedance and admittance, res- 
pectively ? 

3. A paraboloidal-reflector antenna is designed for operation at 3000 
Mc. Its largest aperture dimension is 20 feet. At what minimum 
distance should a secondary antenna be placed for use in measuring the 
radiation pattern? (Note: One foot = 0.3048 meter.) 

4. An electrically short vertical radiator (monopole) at 100 kc has an 
input power of 5000 watts. Ata distance of 5 km, the field strength is 
8.2 volts per meter. What is the radiation efficiency of this antenna? 
(Assume F = 1, D = 3.) 

5. The two terminals of an antenna pattern range are on opposite 
shores of a lake that is 2 km wide. Two identical paraboloidal antennas 
are mounted on towers at these terminals and are aimed at each other. 
One is used as a transmitting antenna with a power input of 10 watts. 
The other antenna receives a signal whose power level is measured and 
found to be 1.5 mw at the antenna output terminals. The operating 
frequency is 100 Mc. It has been determined that the propagation 
factor, due to the interference of direct waves and reflected waves from 
the lake surface, is F = 1.9. What are the directivities of these anten- 
nas? 

6. A microwave lens has a circular aperture whose diameter is 3 meters. 
Its directivity at 10,000 Mc is measured and found to be D = 59,000. 
What is the aperture efficiency ? 

7. A gain-standard horn is known to have a power gain G = 12.5. 
It is being used to measure the gain of a large directional antenna by the 
comparison method. When the antenna being measured is connected 
to the receiver, it is found to be necessary to insert an attenuator ad- 
justed to attenuate by 23 db, in order to have the same receiver output 
that was observed with the horn connected. What is the gain of the large 
antenna? (Note: A power ratio of 12.5 corresponds to 11 db.) Express 
the answer either as a power ratio or in decibels. 

8. It is desired to build a scale model of the antenna of Problem 3, 
with the largest aperture dimension scaled to 18 inches. (a) At what 
frequency must this model be operated in order to have the same pattern 
as the full-size antenna? (b) At what minimum distance should a 
secondary antenna now be placed for pattern measurement? 

9. A dummy antenna connected to a receiver consists of a resistance 
of proper value to match the receiver input impedance. It is cooled 
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with liquid nitrogen to a temperature of 80° K. The receiver has a 
power gain factor of 101° (160 db). Its bandwidth is 100 kc. (B = 105 
cps.) If the receiver were ideal, in the sense that it contained no internal 
noise sources, what would its noise power output be, with this dummy 
antenna connected to its input terminals? 

10. A paraboloidal antenna used for satellite communication is 
pointed at the zenith sky, and the receiver gain is advanced until a 
measurable noise output is observed on an output meter. The reading 
is noted. Then the receiver input is switched to a liquid-helium-cooled 
load at 4° K whose impedance is identical to that of the paraboloidal 
antenna. An attenuator, which does not change the impedance presen- 
ted to the receiver, is connected between the load and the receiver. Its 
actual (thermal) temperature is T; = 300° K. When its attenuation is 
adjusted so that the loss factor is L = 1.05, the noise output meter is 
observed to have the reading that was noted with the antenna connected. 
What is the noise temperature of the paraboloidal antenna? (Note: At 
high microwave frequencies, some error may be incurred by using equa- 
tions based on Nyquist’s approximation, Eq. 8-24, at the very low tem- 
perature of liquid helium; but for the purposes of this problem, assume 
that the equations given in this chapter are valid.) 


Appendix A 


Review of complex-variable algebra 


Complex variables are (variable) numbers containing the factor 


j, which is a symbol denoting V—1. The notation V —1 means 
‘the number that, when squared (multiplied by itself), equals — 1.” 
But none of the “‘real numbers” fits this specification. There is no 
real number that, when multiplied by itself, equals 1. When any 
real number, positive or negative, is squared, the result is a positive 
number. In particular, (—1)? = +1. 

Therefore, the “‘number’”’ that, when squared, equals — 1, represents 
an extension of the system of real numbers. It is called an “‘imagi- 
nary’ number—possibly unfortunate terminology, since it implies 
something that does not “‘really”’ exist. Imaginary numbers exist 
just as much as do the so-called real numbers. Although 7 is 
“imaginary,” it need not be mysterious. It is just another way of 


writing V—1. It is a different kind of number from the familiar 
real numbers, which are 0, +1, +2, +3, etc. Yet obviously it has 
something in common with them, since the symbol “1,” which is 


part of the quantity V —1, is a real number. 

When j (or as it is denoted in physics, i) is multiplied by any real 
number—for example, 75 or —j6—the resulting product is an imagi- 
nary number. Thus the totality of imaginary numbers is obtained 
by multiplying 7 by all the real numbers. Another way of writing 
j5is 5V —1 or V—25. Another way of writing —j6 is —6V —1 or 
—~V —36. (Note that —V—36 is not the same thing as V + 36, 
which is of course a real number equal to either +6 or —6.) 

If two imaginary numbers are multiplied together—for example 
j3 x j5—the ordinary rules of algebraic multiplication apply. In 
other words, j3 x j/5 =/j215. But j72?=jxj=V—-I x V—1 
= —]. Therefore, 73 x /5 = —15, whichis areal number. Thus 
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the product of two imaginary numbers is a real number (a further 
evidence that imaginary numbers are not wholly “unreale?)) 
By the same process of reasoning, all even powers of j are real 


numbers. Thus, j? = —1 (as was just shown); j* = j2 x Pies] 
x —l= +1; 7° = —1; j® = +1; etc. On the other hand, odd 
powers of j are imaginary—j* = j? x j = —j; j5 = j* x J= t+); 


and so forth. The reciprocal of j is equal to —j, as can readily be 
seen by the following argument: 1/j = j/j? = j/(—1) = —j. Reci- 
procals of odd powers of j may thus be shown equal to minus the 
value of the odd power; that is: 1/7? = —j? = +/, etc. Reciprocals 
of even powers are equal to the even power: 1/j? = Pes 
etc. Reciprocal quantities are of course also expressible with nega- 
tive exponents; 1/j = j-1; 1/7? = j-2; etc. In short, jJ may be 
manipulated algebraically in exactly the same way as any symbol. 

A complex number is the sum of a real number and an imaginary 
number. Thus if z = x + jy, where both x and y are any real num- 
bers, then z is a complex number. (Actually, since either x or y 
may have the value zero, in which case z will be either purely imagi- 
nary or purely real, the purely real and purely imaginary numbers are 
both special cases of complex numbers.) The real number x is called 
the real part of z, and the real number y is called the imaginary part 
of z. This statement is sometimes written in the abbreviated form: 
Re (z) = x; Im(z) = y. Notice that y is a real number, though it is 
called the imaginary part of z. The imaginary number is jy. 

Manipulation of complex numbers follows all the rules of ordinary 
algebra. The symbol j is treated like any other algebraic symbol, 
although it may at times be convenient to convert expressions like 
j* and j® into their equivalent forms, —1 and — pete. 

As an example, if the two complex numbers z = x + Jy and 
w = u + ju are to be added, the result is 


Z+w=(x+u)4+j(y + v) (A-1) 
That is, the real part of the sum is the sum of the real parts of the 
added complex numbers, and the imaginary part of the sum is the 
sum of the imaginary parts. 

Multiplication of imaginary numbers is performed as follows: 
zw = (x + jy)(u + jv) = xu + jxv + jxu + j2yv 
= (xu — yv) + j(xv + yu) (A-2) 

(since 7? = —1). 
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The real numbers are represented as points on a line, with one 
point designated zero; numbers to the left are ‘‘mirror images” of 
numbers to the right except that those to the left are negative and 
those on the right are positive. The complex numbers are repre- 
sented as points in a plane by a cartesian coordinate system. The 
horizontal coordinate axis is the real-number line just described, and 
the vertical coordinate axis is an identical imaginary-number line, 
its zero coinciding with the real-axis zero. This complex-plane 
representation is illustrated in Fig. A—1 for the particular complex 
mumbers, ox ='4; op — 3-7 = 4 4+ /3), and x= —2, y= 5 
(z = —2 + j5). 


Figure A-1. Complex-plane representation of real and imaginary numbers 
(z-plane). 


In this representation the direct or straight-line distance from the 
origin to the complex-number point is called its modulus or absolute 
value. The modulus is (by definition) a positive real number, 
regardless of which quadrant of the coordinate plane contains the 
number point. It is the length of a line. The modulus of z, in 
Fig. A-1 is designated r,. From the Pythagorean theorem for right 
triangles it is apparent that r; = Vx,? + yy? = V4 4+ 3? = V25 
= 5. That is, the modulus of a complex number is the (positive) 
square root of the sum of the squares of its real and imaginary parts. 
The modulus is denoted algebraically by the “‘absolute value” 
brackets ||; thus: 


lz| = |x + | = |Vx? + y?| (A-3) 
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The angle (@, in Fig. A—1) that the modulus line forms with the 
real part of the complex number is called the phase angle. Its 
tangent is the ratio of the imaginary part (y,) to the real part (x,). 
Certain physical quantities characterized by phase angles are con- 
veniently represented by a “directed line segment” called a phasor, 
having a length equal to the modulus of a complex number, and a 
direction given by its phase angle. Accordingly, such a quantity is 
represented by a complex number. Phasors are very similar in their 
nature to two-dimensional vectors, but the latter term is properly 
reserved for physical quantities with two rectangular components 
having mutually perpendicular directions in space. Thus, an elec- 
tric field intensity is a vector, which may be represented by the verti- 
cally and horizontally polarized components. A voltage developed 
by a current flowing through a resistance and a reactance in series, on 
the other hand, may be represented as a phasor, of which the real 
part represents the component of the voltage in phase with the cur- 
rent, and the imaginary part the component 90 degrees out of phase 
with the current. Similarly an impedance is a phasor whose real 
part is the resistance and whose imaginary part is the reactance. 

Complex numbers may also be represented by a complex-exponen- 
tial notation based on the relationship of the real and imaginary parts 
to the modulus and the phase angle. In this notation the complex 
number z = x + jy is written 


Ravel BA EE (A-4) 


The equivalence of this representation and the original one is based 
on deMoivre’s theorem, which defines the meaning of a complex 
exponent as follows: 


e’? = cos 0 + jsin 0 (A-5) 


(The proof of this theorem is based on concepts of advanced cal- 
culus.) Rewriting Eq. A-4 in terms of deMoivre’s theorem gives 


z=rcos @+4 jrsin @ (A-6) 


By inspection of the right triangle of Fig. A-1 (in which z = z, 
r = 1, etc.) it is apparent that 


xX 


r cos @ | 
4 } (A-7) 


r sin 0 
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Substituting these results into Eq. A-6 gives 

z=x+iy (A-8) 
as was to be shown. The complex exponential notation is extremely 
useful in mathematical analyses involving complex numbers. 

If two complex numbers have the same real parts, and imaginary 
parts of the same magnitude but opposite sign, they are called complex 
conjugates of each other. Thus the complex conjugate of (x + jy) 
is (x — jy), and vice versa. 

Multiplying a complex number by its conjugate yields the square of 
the modulus; thus: 


ire ed I Say (A-9) 


In the complex exponential notation the conjugate of re” is re~”. 
This is shown from deMoivre’s theorem in the following way: 


ee = es = cos (0) J sin (— 9) (A-10) 
= cos 6 — jsin 0 


because cos(— 6) = cos(+@) and sin(—@) = —sin(+0@). That 
the product of the complex conjugates yields the square of the modu- 
lus is also readily seen from this notation, as follows: 
(O° reat va. pega I (A-11) 
— r2e0 = 2 
In algebraic equations involving products and quotients of com- 
plex numbers, it is usually required to reduce each side of the equa- 
tion to separated real and imaginary parts. For products, this is 
accomplished simply by performing the indicated multiplication, as 
exemplified by Eq. A—2, and grouping together the real terms and 
the imaginary terms. For a quotient, the procedure is slightly more 
complicated, but basically simple. It consists of first multiplying 
both the numerator and the denominator of the fraction representing 
the quotient by the complex conjugate of the denominator. This 
procedure eliminates imaginary terms from the denominator. Then 
the numerator is separated into real and imaginary parts. For 
example: 
weyo. (a + joe — ja), de + jue — jad —) ba 
c+jd (c+ jd)(c — jd) c? — j?d? 
= 55 + (SSS) 19 
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An important theorem of complex algebra is that if two complex 
numbers are equal to each other, their real parts and their imaginary 
parts are separately equal. This means that every complex equation 
is equivalent to two real equations. Thus, if 


Mya PL (A-13) 
it necessarily follows that 
x =U (A-14) 
yeu, 
(two equations). This theorem has many applications. For 
example, the relationship between impedance and admittance is 


Z = 1/Y, where in general Z = R+jX and Y=G+/jB. There- 
fore 


rs l Lok R ae X 
ESSER FX ARD Eee Rem (ei) 
(A-15) 
Therefore, applying the theorem, it is found that 
R 
C= Rr xe Co) 
—X 
3 RL See 


as was stated without detailed proof in Eqs. 2-30 and 2-31, Chapter 
2. 
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Answers to Problems and Exercises 


Chapter 1 
1. E = 2.6 volts per meter. 
mca) x 1078.) Ab) yi2« 1057: 
5. 15.5 degrees. 
7. (a) (Use Eq. 1-37): R = 1.4VhA = 100 miles. 
(b) R = 100 + 44 = 144 miles. 
9. (Use Eq. 1-48): F, = 1.3 x 10-5 watt per square meter. 


Chapter 2 
1 {=P 0.2 | 0.4 | 0.6 | 0.8 | 1.0] 1.2 | 1.4 | 1.6 |1.8/2.0]2.212.412.6|2.8 
Uy: |0|— 41] = .74| — .95| — .99| —.87| — 59] —.21 


The plotted curve is a sinusoid of unit amplitude, with its negative maxi- 
mum at x ~ 0.75 and its positive maximum at x ~ 2.25. 


3. (a) Irms = —0.22 — j1.8 amp; therefore |J,n,| = 1.81 amp. 
(b) ¢ = —97°. 
5. (a) Z; = j215.6 ohms. (b) L = 3.43 x 10~® henry (3.43 ph). 
7. (a) r = 0.52 + j(0.3); or r = |rle with |r| = 0.6 and ¢ = 30°. 
(b) Z, = 1200 + 71125 ohms. 


9. 50 ohms. 
Chapter 3 
1. (a) F; (b) T; ©) T; @) F; © F; (f) F. 
3. (a) 
Angle Beet Angle Exei Angle Ey 

0° 1 7° 0.81 9 ss 0.18 
‘ei 0.998 10° 0.64 30° 0.213 
De 0.99 rs: 0.30 Bt 0.13 
55 0.92 20° 0 40° 0 
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(b) Approximate appearance of the curve: 


(c) 18° (2 x 9°). 
(d) EZ, = 0.213 (at 0 = 30°). The corresponding decibel value is 


13.4 db for E,.,; = 0.213333 or 13.5 db for Fag =20.2 le 
4a 


SD = Gee 21 x 102) or 53.2-db. 

7. (a) 23.7 square meters. (b) 5.5 meters (18 feet). 

9. (a) R, = R; — Ry = 67 ohms. (bk; = 67/15 = 0789: 
(C) Go = 1cdG 


Chapter 4 


1. The radiation field is ten times as strong as the induction field at the 
distance r = 10 meters. (Its strength is 0.1 and that of the induction 
field is 0.01 relative to the strengths at r = 14) 


3. (a) 12.5 amp. (b)2.5 amp. (c) Zero. 

5. (a) n= 3. (Omax = 45°). (b) NE-SW or NW-SE. 

7. & = 25°22’. (Use Eq. 4-23.) 

9. Approximately 35 ohms. (Actually, for a very thin monopole of 
this length, the value is half of 67 ohms, or 33.5 ohms.) 


Chapter 5 


1. (a) « = 120°. 
(Ts 


0°, 180° | 30°, 150° | 60°, 120° 210° 330° | 240°, 300° | 270° 
0.50 0.71 0.83 0.26 0.07 0 
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sin (27 sin 6-sin ¢)-sin 0 

4 sin (5 sin 6-sin $) 

5. (a) 0.457 = 1.4 radians = 81°. 

(b) E(90°) = 0.647; E(270°) = 0.159. Front-to-back electric-inten- 
sity ratio: 4.06 (12.2 db). 

7. (a) Area = 20 square meters; side length 4.5 meters approx. 

(b) 361 dipoles. 

9. The angle of the V should be 52 degrees (actually 51° 41’ is the 
result obtained by doubling the angle calculated from Eq. 4-14 with 

= 10). 


E accel > 


Chapter 6 


1. From Eq. 6-1, (D/2)? = (4)(10)(6.4) = 256. (a) Therefore, 
e352 feet. “(b) f/D = 10/32 = 0.312. 

3. cotB = 0.6 — 1/2.4 = 0.183; B = 79°37’. Therefore (a) 28 = 
159°. (b) 72 = —12(79.6/100)? = —7.6 db. (c) 71 = 40 log cos 
39° 49’ = —4.6 db. Therefore 71; + 72 = —12.2 db. Hence (from 
tabulation given in text) side-lobe level is about — 26 db. 

5. d = X/2 = 0.5 meter; / = 2d = 1 meter, = 3.28 feet. D, = 2.828 
x 0.5 = 1.4 meters = 4.6 feet. 

7. The reflector antenna is: (i) lighter in weight; (ii) less complicated; 
(iii) less expensive. 

9. sind = 0.1, therefore d = +5° 44’. 


Chapter 7 


1. (a) 535 Mc and 825 Mc (f, = 1.07fo and fo = 1.65fo). 
(b) 500 Mc and 875 Mc (f, = 1.00fo and fg = 1.75f). 
(Answers within +5 Mc of these figures are acceptable.) 
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3. 31, 38, 48, 75, 94, 117, 146, 183, 230, and 286 Mc. 
5. (i) crossed dipoles; (ii) horns; (iii) helixes. 
7. (i) When the larger antenna would have virtually the same pattern 
(directivity) as the electrically small antenna, and 
(ii) the predominant noise in the receiving system is of external 
origin—that is, enters by way of the antenna. 
9. The required angular speed in azimuth is 3 degrees in 0.1 second, 
or 30 degrees per second. This is equivalent to 1800 degrees per minute, 
or 5 rpm. 


Chapter 8 


1. The “‘answer”’ is given; the problem is to show how to obtain it. 
. 2D?/X = 2(6.1)?/0.1 = 743 meters = 2440 feet. 

- (Use Eq. 8-13.) D = 54(17.3 db), 

7. D = 2500, or 34 db. 

9. kTB x 1018 = 1.38 x 10-23 x 80 x 10° x 1016 = 1.1 watts. 


MN Ww 
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Absolute antenna pattern, 119, 220 
Absorption, coefficient of, 15, 23 
Adams, R. J., 268 
Adcock antenna, 336, 340 
Admittance, 70, 363, 402 
Alford loop, 187 
Allen, J. L., 221 
Amplitude, wave, 5 
Amplitude-monopulse lobing, 339 
Anechoic chamber, 384 
Antenna (definition), 107 
Aperture, 191, 259 
blocking, 272, 275, 278 
dimension, 260 
distribution, 191 
efficiency, 296 
pattern calculation, 294 
shape, 263 
Arecibo antenna, 279 
Argon noise source, 392 
Array, antenna, 209 
backed by reflector, 237 
broadside, 225 
collinear, 172, 226, 239 
curtain, 235 
endfire, 228 
horn, 249 
linear, 223 
long-wire, 247 
low noise (PABFA), 344 
multielement, 223 


Array, parasitic, 231 
phased, for scanning, 250 
planar, 233 
slot, 249 
tapered, 240, 243 
two-element, 210 
volume, 237 
Yagi-Uda, 231 

Attenuation, 13, 78, 390 
absorptive, 15 

Available power, 384 


Babinet’s principle, 196 
Back lobes, 34, 136 
Balanced lines, 57, 86, 201 
Baluns, 205 
Bandwidth, 142, 159, 301 
Beam steering, by array phasing, 250 
by feed offset, 293 
by scanning, 339, 340 
Beamwidth, 133, 135 
aperture antenna, 296 
broadside array, 239 
lens, 263 
measurement of, 372 
practical minimum, 233 
reflector, 263 
see also Pattern 
Biconical antenna, 308 
horn, 195 
Binomial array taper, 246 
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Boltzmann’s constant, 385 
Broad-band antennas, 301 
Broadside array, 234 
Brown, G. H., 216, 220 
Brown, L. B., 243 


Capacitance (transmission line), 61, 70 
antenna input, 159, 165, 304 
Capture area, antenna, 131 
Carter, P5222, 364 
Cassegrain feed, 277, 364 
Chamber, anechoic, 384 
Characteristic impedance, line, 62, 88 
of space, 12, 192 
waveguide, 192 
Circular polarization, 7 
antennas for, 325 
measurement of, 381 
Coaxial line, 87 
Coherence of wave train, 298 
Collimation of rays, 257, 287, 289, 
292, 293 
Collinear array, 172, 226, 239 
Complementary antennas, 197, 323 
impedance variation, 303, 312 
Complex variables, 66, 397 
Conductance, 71, 363, 406 
Conductivity, scaling of, 383 
Conductors, antenna, 111 
Conical horn, 193 
Conical scanning, 339 
Conjugate, complex, 385, 401 
Coordinate systems, 113, 117, 156, 
361, 399 
Corner reflector, 284 
Cosmic noise, 342 
Couplers, balun, 205 
directional, 99, 377, 392 
hybrid, 99, 328, 339 
line-to-waveguide, 98, 205 
Coupling, mutual, 221 
Cross section, receiving, 131 
Current, antenna, 35, 151, 161, 166, 
173 
transmission line, 66 
Curtain array, 235 


Index 


Cutler, Maine, antenna, 166 
Cylinder, parabolic, 261, 271 


Darkroom, radio, 384 
Decibels, 13, 79, 130, 137 
DeGrasse, R. W., 394 
Delta-match feed, 202 
deMoivre’s theorem, 401 
Deschamps, G. A., 316 
Design ratio, log-periodic, 317 
Dielectric constant, 19, 62, 383 
Diffraction, 31, 256, 262 
Dipole, broad-band, 305 
electricwiot, 177 
elemental, 150, 155) 173, bite 
folded, 202, 310 
gain reference, 126 
half-wave, 173, 237 
Hertzian, 150 
infinitesimal, 150, 174, 177, 184 
magnetic, 151, 185 
short, 150, 161 
Direction finding, 335 
Directional coupler, 100, 359, 377, 392 
Directive antenna types, comparison of, 
297 
Directivity, aperture antenna, 296 
array element, effect of, 222 
biconical horn, 196 
calculation of, 127 
dipole, half-wave, 175 
short, 159 
directive gain, 125 
lens, 264 
linear broadside array, 239 
long-wire antenna, 180 
monopole, 164 
reflector, 264 
unidirectional broadside array, 
225, 240 
waveguide horn, 194 
Directors, parasitic, 232 
Dolpht Gale 245 
Ducting, 43 
DuHamel, R. H., 316 
Dyson, J. D., 316 


Index 


Hemenrenectof,'39, 45,/122, 182/371 
Effective height, 164 
Efficiency, aperture, 296, 380 
radiation, 126, 140, 166, 333, 379 
Elements of an array, 209, 221, 
2512303 
Elevation angle, 46 
Endfire array, 228 
Energy (of fields), 10, 154 
Equiangular antennas, 322 
Equivalent circuit, of line 59 
short dipole, 160, 161 
Exponential, complex, 400 


Fabrication of reflectors, 280 
Faraday effect, 52, 325 
f/D ratio, 260, 266, 267 
Feed lines, 110, 160, 200 
Feed positioning, 273 
lens, 273 
refiector, 273 
Feeds, array, 229, 303 
Cassegrain, 277, 344 
corporate structure, 304 
line source, 271 
monopulse, four-horn, 339 
reflector and lens, 264, 316 
serpentine, 251 
turnstile antenna, 327 
Ferrite-rod antenna, 334 
Field, electromagnetic, 5, 34, 155 
far (radiation), 35, 121, 153, 
262, 369 
Fraunhofer, 262 
near. 012 1,154, 262 
Fresnel, 262 
induction, 35, 121, 154 
Static. 121; 154 
Flare (of horn), 192 
Focal point, lens, 286 
parabola, 260 
Focusing, 257, 287 
Foster, R. M., 216 
Franklin antenna, 227 
Pitcewspace, 3, 8, 39,48, 53,122 
Frequency, 3 
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Frequency, angular, 29, 61 

cutoff (waveguide), 91, 93 

fundamental, 203 

harmonic, 203 
Frequency-independent antennas, 315 
Frequency scanning, 251 
Front-to-back ratio, 230 


Gain, antenna, 53, 125, 180 
measurement of, 373, 377 
power, 126, 130 

Gain-standard antenna, 374, 377 

Galactic noise, 388 

Geometric broad-band principles, 

303, 316 

Geometric optics, 17, 256 

Geometry of parabola, 258 

Giger, A. J., 345 

Goldman, Stanford, 386 

Green Bank, Va., antenna, 280 

Ground (earth), 39, 45, 122, 182, 371 
noise, 344 
plane, 188 

Group velocity, 90 


Hannan, P. W., 279 
Hansen-Woodyard condition, 229 
Height, effective, 164 
Helical antenna, 187 
Hertz, Heinrich, 150, 154 
Hertz, 4 
Hines,.J. N_. 345 
Horizon, radio, 40 
propagation beyond, 41 
Horn radiators, 191, 328 
Horn-reflector antenna, 345 
Huygen’s principle, 31, 192 
Hybrid coupler (junction), 100, 328, 
338, 359 


Illumination, lens, 266 
reflector, 266 
taper, 266 

Images, principle of, 25, 163 
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Imaginary number, 397 
Impedance, 58, 70, 350, 402 
bridge, 351 
characteristic, 12, 62, 88, 192 
charts, 359 
matching, 67, 80, 201 
wave, 12, 95 
see also Input impedance 
Index of refraction, 19, 288 
Inductance, antenna input, 161, 
WAspes3G! 
transmission line, 61,70 
Induction field, 35, 154; see also Field 
Infinite line, 61 
Input impedance, antenna, 66, 140 
half-wave dipole, 176 
log-periodic variation of, 317 
long-wire antenna, 180 
measurement of, 350 
monopole, 164 
short dipole, 159 
top-loaded antenna, 164 
transmission line, 58, 66 
see also Resistance, radiation 
Insulators, 112 
Intensity, electric, magnetic, 12, 27, 173 
Interference, 26, 35, 45, 64, 173 
Interferometer, 340 
Inverse-square law, 10, 59 
Ionosphere, 37, 41, 51, 325 
Isbell, D. E., 316 
Isotrope, 10, 123 
Isotropes, array of, 210, 221, 224, 228 
Isotropic radiator, see Isotrope 


Jasik, H., 243, 297 
Jim Creek antenna, 166 
Jodrell Bank antenna, 280 
Jordan, E. C., 316 
Junctions, hybrid, 339 
waveguide, 98 
see also Couplers 


Kelleher, K. S., 268 
Kelvin temperature, 385 
Kennedy, Phyllis, 307 
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Kerr, D. E., 54 

King, R. W. P., 307 

Ko, H. C., 390 

Kraus, J. D., 176, 188, 190, 219, 222, 
284, 382 


Laser, 298 
Leaky-wave antennas, 200 
Lens antennas, 286 
artificial dielectric, 290 
Luneberg, 292 
metal plate, 291 
principle of, 286 
surface configurations, 288 
zoned, 289 
Li, Tingye, 345, 346 
Linear superposition principle, 26 
see also Interference 
Line-source feed, 271 
Lobes, grating, 225 
interference, 48, 340 
minor, 136, 241, 296, 389 
back, 136 
side, 136, 241, 296 
Lobing antennas, 336 
Log-periodic antennas, 315 
Long-wire antennas, 177 
arrays, 247 
Loop antennas, 183, 334, 335, 368 
Loss factor (definition), 391 
Low-noise antennas, 342 
Luneberg lens, 292 


Matched load, 67 

Matching, impedance, 80, 200 

Maxwell, James (Maxwell’s equations), 
2, 34, 90, 154 

Mayes, P. E., 316 

Medium, wave propagation, 2 

Minor lobes, 136, 241, 296, 389 

Models, scale, 382 

Modes, waveguide, 93 

Modulus (of complex number), 399 

Monopole antenna, 163, 166, 176, 309, 
33453535 

Monopulse lobing, 339 
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Near field, 35, 121, 154, 262 Pattern, monopole, 309 
Noise (radio), 8, 37, 333, 342, 384 multiplication, principle of, 218 
measurement of, 389 near-field, 119 
Nomenclature, wave, 50 plotting methods, 118 
Nonresonant antenna, 173, 177, 181 primary, 263 
line, 203 ranges, 371 
Normalizing constant (relative recorder, 367 
pattern), 219 secondary, 263 
Null, antenna pattern, 50, 118, 187, 335 slot antenna, 197 
standing wave, 168, 357 Phase (of a wave), 5, 74, 116, 157, 
Null condition, endfire, 230 173, 212, 260 
Nyquist, H., 385, 394 center (of antenna), 274, 316 
constant, 29, 61 
Offset reflector, 276 monopulse lobing, 339 
Ogg, F. C., 247 shifter, 252 
Omnidirectional antennas, 330 velocity, 90 
Open-circuited line, 69 Phased array (for scanning), 250 
Optical lenses, 286 Phasor, 66, 174, 213, 400 


Pillbox antenna, 271 
Planar array, 233 
Pl 8 
PABPA antenna, 344 ane wave (wavefront), 6, 258, 
Paraboli linder, 261, 271 eee 

eee ae Polarization, 7, 49, 116, 144, 182, 365 
Parabolic reflector, 257 a 
ee ie sdal refi 61 circular.(7, 325 

pia oie: rellector, measurement of, 381 


Parameters, 108, 216 Power, 63, 84, 138, 158, 375 


Parasitic array, 231 
t 10, 1 
Path difference, 47, 212 re ae a wave), 10, 131, 


Pattern, absolute, 119 ay ieee 
antenna, 116 
array, endfire, 228 
linear, 224 
planar, 235 
two-element, 214 
array element, 221, 222 
effect of earth on, 122, 182 
elemental (short) dipole, 155 
far-field, 119 
half-wave dipole, 175 
helix, 189 
horn, 195 
interference (ground reflection), 48 
lobing antenna, 337 


Optics, geometric, 17, 256 


gain, 125 

measurement of, 376 
Probe coupler, 98, 205 

voltmeter, 357 
Propagation, factor (F), 54, 374 

ionospheric reflection, 41 

scatter, 42 

surface wave, 44 

transionospheric, 51 

wave, 2 

waveguide-mode, 44 
Pyramidal horn, 193 


long-wire antennas, 178, 181 Radar antennas, 336, 340 
long-wire arrays, 248 Radiation, 34, 151 
loop antennas, 184 field (far field), 35, 120, 262 


measurement of, 364 see also Resistance, radiation 
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Rayleigh criterion, 25 
Rays, 8 
Reactance, 67, 70, 72, 161, 353, 362 
Real number, 397 
Reception, 37, 113, 333 
Reciprocity, 37, 257, 287 
Reflection, 21, 45, 64 
coefficient of, 22, 73 
diffuse, 24 
parabolic, 257 
specular, 24 
Reflectometer, 359 
Reflectors, corner, 283 
parabolic, 257, 280, 281 
parasitic, 232 
plane, 237 
Refraction, 17, 286 
Refractive index, 19, 288 
Relative pattern, 119, 197, 214, 219 
Resistance, radiation, 154, 158, 164, 
17537180, 185,380 
loss, 139, 159 
Resonant line, 70, 203 
antenna, 170, 177 
Rhombic antenna, 248 
Ruze, J., 281 


Satellite antenna, 331 
tracking, 340 

Satellites, 43 

Scale models, 382 


Scanning antennas, 238, 250, 339, 340 


Scatter propagation, 42 

Scharp, G. A., 243 

Schelkunoff, S. A., 309, 375 
Schuster, D., 390 

Sectoral horn, 192 
Self-complementary antennas, 323 
Sequential lobing, 337 
Serpentine feed, 251 

Shielding, principle of, 37 
Short-circuited line, 69 

Short dipoles, 150 

Side lobes, 34, 136, 296, 344, 372 
Signal-to-noise ratio, 333 
Silver,S.,.177,265 
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Simultaneous lobing, 337 

Sizes of antennas, 109, 382 

Skolnik, M. I., 344 

Sky noise, 390 

Sky wave, 50 

Slot radiators, 196 

Slotted line, 355 

Small antennas, 332 

Smith, P. H., 360 

Smith chart, 78, 354, 360 

Solid angle, 127, 134 

Source, line, 271 
point, 8, 210 

Sources of noise, 342, 387, 390, 

392, 393 

Space, attenuation, 14, 212 
free-, 3, 8, 39, 48, 53, 122 

Space-tapered array, 247 

Space-time relationships (wave), 5 

Space wave, see Sky wave 

Specular reflection, 24, 45, 372 

Spillover, 266, 344 

Spiral, conical, 323 
logarithmic, 324 

Standing waves, 63, 167, 354 

Static (radio noise), 37, 333, 342 

Static field, see Field 

Steady state, 65 

Stegen, R. J., 244 

Strip line, 87 

Structures, antenna, 109 
log-periodic, 320 

Stub, quarter-wave, 227 
transformer, 81, 202, 304 
tuning, 81 

Subreflector, Cassegrain, 278 

Superposition, linear, 26; see also 

Interference 

Superrefraction, 44 

Superturnstile antenna, 312 

Supports, antenna, 109 
feed, 275 

Surface wave, 44, 164 
antennas, 200, 231 

Susceptance, 71, 343, 406 

Synchronous satellite, 43 
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Maite 222, 225, 239 
Taper, array, 241 
binomial, 246 
Dolph-Tchebyscheff, 243, 270 
illumination, 266, 344 
space- (thinned array), 246-247 
Taylor, 245, 270 
Taylors... 1., 245, 270 
Tchebyscheff-tapered array, 243 
Television, antennas for, 310, 313 
Telstar satellite, 43, 345, 394 
Temperature, noise, 384 
Thermal noise, 344 
Top-loaded antenna, 164, 176 
Transformer, impedance, 67, 80 
quarter-wave, 68 
stub, 81 
Transients, 65 
Transmission coefficient, 23 
equation, 53 
Trapezoidal-tooth antenna, 320 
Trapping, 43 
Traveling waves, 5, 61, 173 
Triangular-tooth antenna, 320 
Turnstile antenna, 327, 331 
Turrin, R. H., 345 
Two-element array, 210 
Two-wire line, 57, 87 


Uda, Professor, 231 


V antenna, 247 
Vector, addition of, 27 
wave, 5, 7, 93 
Velocity, wave, 2, 19, 61, 62, 90 
Virtual source, 25 
Voltage, antenna, 150, 160, 166, 
168, 186 
transmission line, 66 
Volume array, 237 
VSWR, 75, 361 
measurement of, 354 


Wave, nomenclature, 50 
plane, 5, 10, 258, 287 
spherical, 8, 10 
velocity, 2, 19, 61, 62, 90 

Wavefront, 8, 260 

Waveguide, 89 
mode of propagation, 44 

Wavelength, 4, 60, 62, 354 

Wavelets (Huygen’s), 31 

Wind, effect on reflector, 283 


Yagi-Uda antenna, 200, 231 


Zabel, Co W., 327 
Zepp feeder, 203 
Ziel, A. van der, 386 
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